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ALTHOUGH carnosine and anserine are characteristic constituents of the muscles 
of vertebrates, and are present in these tissues in amounts comparable with the 
adenylpyrophosphate and creatinephosphate contents, little is known of their 
chemical properties, and nothing of their physiological purpose. The present 
communication is primarily a contribution to our knowledge of their chemistry, 
though the results seem to have a bearing on the question of their function in 
muscle. As part of a chemical examination of these compounds we have measured 
their titration curves, together with those of methyl histidine, histidine, alanine 
and f-alanine. Certain of these measurements have been made already, but we 
wished to consider the group of related substances as a whole, and therefore 
thought it desirable to make measurements ourselves in these cases. 


EXPERIMENTAL 

Substances used : 

Alanine, Merck’s “pure chemical’. 

B-Alanine, synthesized from succinimide [Organic Syntheses, 1936] recrystal- 
lized five times from hot dilute alcohol and dried in vacuo over P,O; at 100°; 
M.P. 201° (decomp.). 

|-Histidine hydrochloride, C,H,O,N,HCl, H,O (B.D.H.), recrystallized from 
water and dried in vacuo over P,O;; M.P. 255° (decomp.), [«]} +2-0° in water 
(c=3-5, 1 dm. tube). 

|-Methylhistidine, prepared from anserine by acid hydrolysis [Linneweh & 
Linneweh, 1930], recrystallized three times from water and dried in vacuo over 
P.O; at 130°; m.p. 247° (decomp.), [a7 —28-2° in water (c=1-38, 1 dm. tube). 
(Found: C, 49-3; H, 6-5; N, 24-7; (N)CH;, 95%. C,H,,0,N; requires C, 49-7: 
H, 6-5; N, 24-85; (N)CH,, 8-9%.) 

Carnosine nitrate, isolated from horse muscle [Deutsch ef al., 1938] in 
the form of crystalline copper salt, which after three recrystallizations was 
converted into the nitrate, recrystallized three times from hot dilute alcohol and 
dried in vacuo over P,O; at 100°; M.p. 227° (decomp.), [x] +23-6° in water 
(c=3-5, 1dm. tube). (Found: C, 37-3; H, 5-3; N, 24:0; (N)CH,, 0:0%. 
CyH,,0,N,. HNO, requires C, 37-35; H, 5-2; N, 24-2; (N)CH,, 0-0%.) 

Anserine nitrate, isolated from rabbit muscle [Deutsch eé al., 1938], in 
the form of crystalline copper salt, which after three recrystallizations was con- 
verted into the nitrate, recrystallized three times from hot dilute alcohol and dried 
in vacuo over PO; at 100°; m.p. 226° (decomp.), [x];) +14-:0° and +12-8° in 
water (c=3-74 and 6-5, 1 dm. tube). (Found: C, 39-7; H, 5:7; N, 23-4; (N)CHsg, 
50%. CioH,,0,N,. HNO, requires C, 39-6; H, 5-65; N, 23-1; (N)CH,, 4:95%.) 
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Procedure: 

Electrometric titrations were made in an air-chest thermo-regulated to 22°. 
A hydrogen electrode of the Cole pattern was used, the half-cell being connected 
by a saturated KCl-agar bridge to an approximately 4:5 N calomel half-cell. 
The £.M.F. of the cell was measured to the nearest 0-5 mV. by means of a Cam- 
bridge portable potentiometer. The potentiometer was standardized frequently 
by reference to a Weston standard cell (kept in the air-chest) of which the E.M.F. 
was taken to be 1018-5 mV. The hydrogen used was generated electrolytically 
from KOH solution between nickel electrodes and was passed over heated copper. 
It was therefore saturated with water vapour, but was presumed free from all 
other impurities. The £.M.F. readings were corrected to a barometric pressure of 
760 mm. by means of the table given by Clark [1928]. 

The procedure adopted was to weigh 1 millimol. or rather less of the substance 
under examination, dissolve it in 10 ml. distilled water, and titrate it with an 
exactly normal solution of HCl or of NaOH, as required. The HCl was prepared 
from a constant boiling distillate, and its accuracy counterchecked against pure 
NaCl by electrometric titration with AgNO,. The NaOH was prepared from a 
carbonate-free saturated solution, and was standardized against the HCl. 

The E.M.F. corresponding to the pK’ value of any single titrating group was 
calculated from each experimental point on its titration curve by means of the 
generally accepted approximate relationship 


E nx = H—58-5 log (F- 1), 


where 7' is the end-point titre, ¢ the titre corresponding to the E.m.F. , and 
58-5 is the value of the conversion factor appropriate to a temperature of 22°. 
In the case of a group titrating in markedly acid or alkaline conditions the 
values of ¢ were corrected by the amount of acid (or alkali) needed to establish 
the same potential in an equal volume of pure water. 

Finally the value of pK’ was calculated from the mean value of Lx; by the 


use of the expression -, mean value of E,x- — 249-5 
pK’ =—— ——_ ae 


58-5 . 

in which the quantity 249-5 is the E.M.¥F. of the calomel half-cell referred to the 
normal hydrogen electrode. The £.M.F. of the cell when completed with N/10 
HCl was 312-5 mV.; with M/5 acetate buffer, 519-5 mV.; with 1/15 phthalate 
buffer, 482 mV.; with V/10 NaOH, 1005 mV. These figures lead to the following 
values for the pH of these solutions: NV/10 HCl, 1-078; acetate buffer, 4-62; 
phthalate buffer, 3-98; V/10 NaOH, 12-91. 


RESULTS 


The values found for the titration constants of the substances examined 
are assembled in Table I. No attempt is made in the table to allocate these 
constants to particular titratable groups; the symbol pK’ implies the pH about 
which one titration curve is centred, under the conditions specified. It is how- 
ever known in the cases of glycine, alanine and histidine that the group titrating 
in strongly acid solution is the carboxyl group, and that titrating in the region of 
pH 9-10 is the amino group. The second constant of histidine (pK’ 6-15) has 
been shown by Levy [1935] to belong to the iminazole group. The constants of 
methylhistidine may be assigned with confidence, since each differs so little 
from the corresponding constant of histidine. In carnosine the acid group of the 
f-alanine and the amino group of the histidine have been destroyed, and it is 
therefore probable that pK,’ refers to the histidine carboxyl group, pK,’ to the 
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Table I. Titration constants of carnosine, anserine and some related compounds 


Experiment 





Concentration Constants 
mols./kg. Temp. c 4? ——__—__—_, 
Substance water C. pk,’ pK,’ pk,’ 

Glycine 0-10 19-3 2-42 — — 

0-10 22 9-82 ed 
Alanine 0-10 18-6 2-40 — an 
f-Alanine 0-10 18-6 3-63 

0-10 22 3-59 : : 

0-10 22 - 10-3 - 
Histidine hydrochloride 0-096 22 - 6-13 9-32 

0-05 22 1-69 — -- 

0-095 22 — 6°17 9-28 
N-Methylhistidine 0-07 22 1-69 6-48 ~- 

0-07 22 - —- 8-85 
Carnosine nitrate 0-03 22 6-78 9-48 

0-068 22 - 6-88 9-54 

0-065 22 2-65 — 

0-067 22 2-63 —— — 
Anserine nitrate 0-03 22 -— 7-00 9-45 

0-063 22 2-65 — 

0-067 22 _ 7-08 9-53 

0-065 22 2-64 - — 


iminazole group, and pK,’ to the amino group of the f-alanine residue. The 
constants of anserine may be similarly assigned. 

Two facts emerge which are of interest to the physiologist. One is that there 
is no serious difference between anserine and carnosine in their titration curves, 
the other is that both substances are buffers over the physiologically important 
range of pH 6-8. The amount of these substances in the muscles of vertebrates 
(about 0-1 M) is such that their buffering action should be a significant fraction 
of the total buffering power of the tissue in the region of pH 7. It is doubtful, 
however, whether this is their primary function in the muscles. If it is, an 
explanation must be sought elsewhere of the existence of both anserine and 
carnosine in one and the same muscle, since they do not differ significantly in 
the property in question. 

SUMMARY 

1. The titration constants of methylhistidine, carnosine and anserine have 
been measured with a hydrogen electrode at 22° at concentrations specified in 
the text. 

2. Carnosine and anserine differ very little in their apparent dissociation 


constants. 
3. Carnosine and anserine are both buffers over the range pH 6-8. 


The expenses of this work were borne by grants from the Moray Fund 
(to A. D.) and from the Medical Research Council (to P. E.). 
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FRUCTOSE, when injected intravenously into fasting rabbits, was found by 
Davidson et al. [1936] to decrease the concentration of the glucose of the blood . 
and to depress the glucose tolerance curve of rabbits. They interpreted both types 
of result as indicating that fructose stimulated the secretion of insulin by the 
pancreas, and that it was this excess insulin, so produced, which was responsible 
for the lowered blood glucose following the injection of fructose. Although this 
interpretation is in line with the conventional view that the glucose tolerance 
curve is determined primarily by the response of the pancreas to the ingested 
glucose (by the amount of extra insulin secreted), no facts were adduced in its 
support. It seemed to us very doubtful that fructose should possess this property 
of being able to promote increased secretion of insulin by the pancreas. Certainly 
the pancreas does not utilize fructose in perfusion experiments [Steinberg, 1927]. 
It is appreciated that it does not necessarily follow from this fact that pancreatic 
cells or more particularly the islet cells would not be stimulated. 

To elucidate this action of fructose the obvious test object is the depan- 
creatized animal in which the amount of available insulin can be rigidly 
controlled. We therefore planned to find out if fructose similarly affected the 
blood glucose first of the normal and then of the depancreatized dog. While we 
were unable to obtain any depression of the blood glucose of the fasted dog by 
an intravenous injection of fructose, we did obtain by this means a marked 
depression of the glucose tolerance curve. We could not detect any effect of 
fructose on the blood glucose of the depancreatized animal, in the complete 
absence of insulin. These experiments will be reported in greater detail later. It 
was then decided to repeat these experiments on the depancreatized dog, when 
the animal was receiving a steady supply of insulin during the period of the test. 
It seemed to us that the newly discovered protamine zinc insulin would serve 
this purpose conveniently. It was found that the subcutaneous injection of a 
fairly large dose of protamine zinc insulin into the fed depancreatized animal, 
in the late afternoon, resulted in a marked depression of the blood sugar by the 
following morning, and the concentration of sugar remained fixed at this low 
value (within a few mg. per 100 ml.) for at least a further 8 hr. Further, it was 
found that the feeding of a given amount of glucose during this latter period 
gave a glucose tolerance curve which could be reproduced with somewhat 
surprising exactness on subsequent experimental days, provided that the con- 
ditions were kept constant. With such conditions established it was an easy 
matter to determine if an intravenous injection of fructose effected any alteration 
in this glucose tolerance curve. 

EXPERIMENTAL 


Methods. Glucose was estimated in blood by the method of Shaffer & 
Somogyi [1933], but for convenience we used the combined tungstic acid re- 
agent for protein precipitation, as described by Van Slyke & Hawkins [1928]. 
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Occasionally true blood glucose values were obtained by fermentation tests. 
When necessary, galactose was estimated by the same method, after removal of 
glucose with yeast and making the required deduction for non-sugar reducing 
substances. Fructose was estimated by the titrimetric method of Campbell & 
Hanna [1926]. 

Some weeks were allowed to elapse after pancreatectomy! before the animals 
were used for these experiments. They were kept in separate metabolic cages, 
and fed regularly (twice daily) on a standard diet, adequate to maintain weight 
and including vitamin preparations. Each animal received a daily morning 
injection of protamine zinc insulin, in amount sufficient to allow a daily excre- 
tion of 20-60 g. glucose in the urine. On the day before the tolerance test the 
animals were fed as usual, but the morning dose of insulin was reduced to 6 units, 
while in the late afternoon an amount of insulin was given which would ensure 
a low concentration of blood glucose during the whole of the following working 
day. Too large a dose of insulin resulted in convulsions, while with too small an 
injection the blood sugar began spontaneously to increase before the end of 
the experiment. The same dosage and general procedure were employed while 
obtaining comparison curves. 

The glucose tolerance curves of all animals, normal and depancreatized, were 
obtained after feeding by stomach tube 2-5 g. glucose per kg. body weight, in 
25% solution. Graphs given below illustrate representative results. The blood 
glucose values given in these graphs include non-sugar reducing substances to 
the extent of approximately 15-20 mg. per 100 ml. of blood. 
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Fig. 1. The effect of fructose on the blood glucose concentration of the fasting normal 
dog and of the fasting depancreatized dog. 


\ >; > 
. ee Freckioe! Fructose (0-5 g. per kg. body weight) injected into normal dog. 
o——o Glucose )_ Fructose (0-67 g. per kg. body weight) injected into fasting 
o-—-o Fructose} depancreatized dog (receiving insulin) with high blood sugar. 
e——e Glucose ) Fructose (05g. per kg. body weight) injected into fasting 
e—~—-—e Fructose} depancreatized dog (receiving insulin) with low blood sugar. 


(Arrow indicates time of sugar injections.) 


Fig. 1 illustrates the effect of fructose on the blood glucose of the normal 
fasted dog, on the depancreatized dog (receiving protamine insulin), when the 
blood glucose concentration is low and also when the concentration of blood 
glucose is comparatively high. It will be observed that fructose has no depressant 
effect upon the blood glucose of the normal fasted dog or of the depancreatized 
dog when the blood glucose concentration is low; when in the depancreatized 
dog receiving insulin, however, the concentration of blood glucose is relatively 


1 We are indebted to Dr C. H. Best, who performed these operations for us. 















214 J. P. FLETCHER AND E. T. WATERS 


high, intravenous injection of fructose is followed by a decrease in the glucose 
concentration. Only occasionally were we able to obtain these high blood 
glucose values. More sugar was given with the afternoon meal of the day pre- 
ceding the experiment and the animal was sometimes given less insulin in the 
morning of that day. But the exact conditions required seemed difficult to 
reproduce, and when high blood sugar values were obtained they sometimes 
varied spontaneously, and in such instances it was doubtful or impossible to 
evaluate the effect of the fructose injection. 

Fig. 2 illustrates the marked effect of fructose, given intravenously, on the 
glucose tolerance curve of the normal dog. 
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Fig. 2. The effect of fructose on the glucose tolerance curve of the normal dog. 
Ss 5 5 


o——o Glucose tolerance curve (control). 

e——e Glucose tolerance curve after intravenous injection of fructose (0-5 g. per 
kg. body weight) at time marked with arrow. 

e——-e Blood fructose values. 


(Arrow indicates time of sugar injection. 
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Fig. 3. The effect of fructose on the glucose tolerance curve of the depancreatized dog. 


Dog M. Weight 16-3 kg. Insulin: daily 18 units, day before experiment 6 units a.m., 28 units p.m. 


o——o Glucose tolerance curve (control). 

e——o Glucose tolerance curve after injecting galactose (0-67 g. per kg. body weight). 
e——e Glucose tolerance curve after injecting fructose (0-67 g. per kg. body weight). 
e——-e Blood fructose values after injecting fructose. 


(Arrow indicates time of sugar injections.) 


Fig. 3 shows the results obtained on a depancreatized animal. In these 
experiments it was our practice to alternate control glucose tolerance curves 
with tests on the influence of fructose on these curves. We found little variation 
in our control glucose tolerance curves, but for clearness only one such curve is 
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reproduced in the figures. Fructose exercises a marked depressant action on 
the glucose tolerance curve. To be assured that this effect was not a non-specific 
one we injected at other times an equal quantity of galactose. The glucose 
tolerance curve remains uninfluenced by the galactose. 

Similar findings are illustrated in Fig. 4, as well as another point of interest, 
namely, that a small dose of fructose has a smaller effect than a large dose. 
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Fig. 4. The depression of the glucose tolerance curve is proportional 
to the amount of fructose injected. 


Dog F. Weight 13-5 kg. Insulin: daily 6 units, day before experiment 6 units a.m., 18 units p.m. 

o——o Glucose tolerance curve (control). 

c——a Glucose tolerance curve after injection of galactose (0-33 g. per kg. body 
weight). 

e——e Glucose tolerance curve after injection of fructose (0-33 g. per kg. body 
weight). 

-——- Glucose tolerance curve after injection of fructose (0-1 g. per kg. body 
weight). 

e——-e Blood fructose after larger injection. 

--—-+ Blood fructose after smaller injection. 


(Arrow indicates time of sugar injections.) 


A number of other substances have been tested, including pyruvic and 
laevulic acids, injected in the form of their Na salts. These substances resemble 
fructose in that they possess a ketone group and, further, they are possible 
intermediary products of fructose oxidation. Neither substance has any detect- 
able influence on the glucose tolerance curve of the depancreatized dogs, when 
given in amounts of 0-5 g. per kg. body weight. 


DISCUSSION 


The lowered glucose tolerance curve which is obtained in the depancreatized 
dog receiving insulin, when fructose is injected shortly after feeding the glucose, 
is not due to an increase in available insulin. For there is no reason to suppose 
that the fructose leads to more rapid absorption of the protamine insulin from 
the site of injection. Nor in the normal animal, therefore, is it necessary to 
assume that fructose increases the secretion of insulin by the pancreas. In order 
that fructose shall lower the glucose tolerance curve, insulin must be present in 
the tissues of the animal, but no increased secretion of this hormone appears to 
take place. 

These experiments have been conducted on four depancreatized dogs, re- 
ceiving protamine zinc insulin. The glucose tolerance curves of three of these 
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animals were depressed by fructose, whereas in the fourth animal no change 
could be detected even when fructose equivalent to 1 g. per kg. body weight 
was injected. The animals which responded showed differences in sensitivity in 
their response to fructose. Thus one animal showed a significant response (in a 
lowered glucose tolerance curve) with only 0-1 g. per kg. body weight of fructose, 
while in another animal which responded to a larger amount of fructose this 
small amount had no apparent effect. Increasing amounts of fructose gave 
greater depressions below control tolerance curves. In this sense there is a 
quantitative relationship between the amount of fructose injected and the corre- 
sponding effect on the glucose tolerance curve. 

Fructose caused no decrease in the blood glucose of the fasting normal dog. 
Neither was any such effect obtained with fasting depancreatized dogs, nor 
when these animals were receiving protamine insulin and the blood glucose value 
was equal to or less than that of a normal fasting animal. But when the blood 
glucose concentration of the fasting depancre atized dog receiving protamine 
insulin was relatively high, then a fall to a lower value was obtained following 
fructose administration. 

Evidently fructose administration, under certain conditions, leads to a more 
rapid utilization of glucose. This may be due to increased oxidation of glucose or 
increased glycogen formation from glucose or to both processes. We are of the 
opinion that the chief effect is on the glycogenesis mechanism, and that the 
tissue mainly involved is the liver, but the possible participation of other tissues 
should not be ignored. This view is consistent with the facts enumerated above: 
that fructose exercises its effect in the presence of insulin, but not in its absence, 
and that it does so when the blood glucose concentration is high, but not when 
low. That is, when conditions are favourable to glycogen synthesis the action 
is positive, when unfavourable it is negative. Further, the different degrees of 
sensitivity of different animals to fructose might be regarded as an indication of 
the hepatic efficiencies of these animals, with respect to glycogen formation. 

We would suggest that fructose exercises a stimulating or catalytic action 
on the glycogen synthetic mechanism of the liver cells. The influence of fructose 
on the blood glucose of the hepatectomized animal is of interest. Griffiths & 
Waters [1936] injected fructose (0-5 g. per kg. body weight) into hepatectomized 
dogs and found no change in the concentration of blood glucose. But in these 
experiments the blood glucose concentration was that of fasting normal animals, 
and, as pointed out above, at such levels fructose has no effect on the normal 
animal. The negative evidence provided by these experiments indicating the 
liver as the site of the catalytic influence of fructose, must therefore be accepted 
with caution. 

A number of investigators have confirmed the finding of Lusk [1892] that 
fructose is a better hepatic glycogen precursor than glucose. In an endeavour to 
account for this fact Fletcher & Waters [1937] attempted, unsuccessfully, to 
adduce evidence of a preferential absorption of fructose over glucose by the hepatic 
cell. As indicated at the time, we believe that the experimental results described 
in the present paper throw some light on this problem. We would adhere to the 
view that the absorbed fructose is rapidly converted into glucose in the liver 
cells, but, further, we believe that the fructose exercises a stimulating effect on 
the glycogenesis mechanism of the cells. Certainly such a view would provide 
an explanation for the experimental fact that fructose is a better hepatic glycogen 
precursor than glucose, which up to the present has been inexplicable. 

It is possible that this influence of fructose on blood glucose concentration 
is not due directly to fructose per se, but to some produce of fructose metabolism. 
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Also it is possible that this property is shared by a number of substances. Other 
ketonic substances so far tested, including pyruvic and laevulic acids, have been 
found to have no effect. 

SUMMARY 


1. Fructose, when injected intravenously, does not decrease the blood 
glucose concentration of the fasting dog. 

2. Fructose, when injected intravenously, lowers the glucose tolerance curve 
of normal dogs, and also the glucose tolerance curve of depancreatized dogs 
receiving a steady supply of insulin. 

3. Therefore it is concluded that this effect in normal animals is not to be 
interpreted as due to a stimulation of the pancreas to give increased secretion of 
insulin. 

4. The quantitative aspect of this influence of fructose is shown. 

5. A hypothesis is advanced that fructose exercises a catalytic influence on 
the utilization of glucose, the site of this influence, probably, being in the 
glycogenesis mechanism of the liver. 
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THE previous observation [Barton-Wright & Boswell, 1929, 1931] that the 
dry-rot fungus Merulius lachrymans can be classified as of the ‘‘brown rot” 
type is confirmed. The present communication deals with the detailed con- 
stitution of the cellulose-containing, water-soluble and dilute alkali-soluble 
fractions which were only superficially studied in the earlier work. From the 
alcohol-soluble fraction a compound has been prepared which forms a 2:4-dinitro- 
phenylhydrazone when treated according to Brady [1931]. This substance had 
a N-content similar to that of the dinitrophenylhydrazone of the pure substance 
previously isolated from the alcohol-soluble fraction of spruce wood. These three 
fractions appear to contain the products of the fungal activity. The benzene- 
soluble material seems to be unaffected both in amount and in constitution 
while evidence will be brought forward later that the increase in lignin content 
of rotted wood as compared with sound wood is solely due to the loss of cellulose 
degradation products as the gaseous residues of fungal respiration. 

The rotted wood used formed part of the panelling on the inside of the brick 
wall of an outhouse of an empty property. As will be seen from the figures of 
the bulk analysis the more rotted portion was in an advanced state of decay. 
The fungal mycelium had passed through the mortar between the bricks and 
produced, under the ivy covering the outside of the wall, fruit bodies identified 
as those of Merulius lachrymans. The wood of the panelling was a species of 
Pinus, probably P. resinosa, the Norway or Red Pine. The rotted wood was 
separated into two portions according to whether it could or could not be easily 
powdered by hand in a pestle and mortar. The more rotted portion powdered 
easily whilst the less rotted parts were reduced in a grinding mill. 

The methods of analysis and the preparation of the fractions in bulk were 
similar to those used previously with the following exceptions. The cellulose was 
isolated by the technique of Norman and Jenkins [1933] and the lignin by the use 
of 72% H,SO, instead of the chlorination method which had previously failed to 
provide a uniform product. The two samples of rotted wood gave the following 
analytical values (the analysis of a sound sample of P. resinosa is included for 
purposes of comparison): 

Table I 
Sound “Rotted” —‘*More rotted” 


Oo 0 0 
0 Oo /O 





































Extracted by benzene 18-09 3°15 3-51 
alcohol 1-80 7-44 18-05 

water 1-93 6-05 9-20 

* 4% NaOH 7:37 29-20 19-91 
Cellulose 49-57 27-97 14-36 
Lignin 18-99 26°81 38°37 
97-75 100-62 103-40 
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The content of benzene-soluble material in many soft woods is extremely 
variable and the wood of P. resinosa is no exception. From a series of samples 
prepared from the same piece of timber 6 x 2 x 12 in. the following values for 
this fraction have been obtained: 10-6, 2-5, 14:4, 7-8 and 2-6%. Taking into 
account the variability of these figures and the fact previously established that 
the constitution of the benzene-soluble fraction is unaffected by the fungal 
attack on wood, more comparable results should be obtained by calculating 
them not on an “‘ash-free, dried at 100°” basis but on an “‘ash-free, dried at 100°, 
benzene-extracted ”’ basis. The following table gives the results of Table I calculated 
on the benzene-extracted basis. 


Table II 





Sound **Rotted” **More rotted” 
0. 0. 0 
/O /O /O 
Extracted by alcohol 2-20 7:85 18-77 
a water 2-35 6-23 9-59 
“3 4% NaOH 8-99 30-08 20-71 
Cellulose 60-48 28-81 14-83 
Lignin 23-17 27-61 40-42 
97-19 100-58 104-32 


The ‘‘more rotted”’ sample is in very decayed condition, the cellulose content 
having fallen to 14-83% and the lignin risen to 40-42 %. The rise in the lignin 
content is a measure of the loss of tissue in the form of gaseous products and 
only partially an indication of the degree of rotting as the cellulose molecule 
can be much degraded without any great loss of weight in the rotted wood. This 
is quite clearly shown in the “rotted” sample. Here the rise in the % lignin 
is relatively small and yet the cellulose content has been reduced to half with 
a corresponding rise in the material soluble in dilute NaOH. It is clear therefore 
that in the early stages of the fungal attack the cellulose molecule is rapidly 
broken down to smaller units soluble in dilute alkali and that this process, 
probably hydrolytic, takes place much more rapidly than the oxidation of these 
small units to the gaseous end products of respiration. This rapid degradation 
of cellulose to smaller units is probably the reason why even in the earliest 
stages of rotting the loss of mechanical strength by timber is very great. The 
accumulation of alcohol-soluble material as the rotting proceeds suggests that 
this is one of the products of the fungal activity. The fractions which have been 
examined are described below. 


Cellulose 


The fractions prepared from both wood samples showed signs of fungal attack 
in that they were greyish in colour, on drying either in air or in vacuo became 
hard amorphous masses and when suspended in either water or dilute alkali 
formed grey slimy pulps: these changes were particularly marked in the cellulose 
from the “more rotted” sample. The uronic anhydride and pentosan values 
were determined as usual by boiling with 12° HCl, the «-cellulose by treatment 
with 17-5 % NaOH for 30 min. at room temp. and the 1.v. by the method of 
Bergman & Machemer [1930]. The following table gives the values determined 
for these two cellulose fractions. 


Table IIT 
“Rotted”’ ‘More rotted” 


Uronic anhydride 1-60% 3-00% 

Pentosan (calculated according to 3°50% 2-23% 
Angell et al. [1936]) 

I.V. 2-20 3-09 


«-cellulose 21-1% 39-10% 
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It might appear that the «-cellulose values of the ‘‘rotted”’ and the “more 
rotted” samples are contradictory in that the cellulose from the latter contains 
more of the «-variety than that from the former. If however the «-cellulose is 
calculated as % of the wood sample as a whole then it is clear that even in 
the later stages of fungal attack the «-cellulose is attacked but not as rapidly 
as in the earlier. Of the 28-81% cellulose in the “rotted” wood 21-1 % is the 
a-form giving the «-cellulose of the wood sample as 6-08 % , whilst in the “‘more 
rotted’? wood 14-83% cellulose has an «-content of 39-1°% giving a value for 
the whole wood of 5-90%. It might be doubted whether this difference is 
significant, but if allowance be made for the fact that the cellulose in the “more 
rotted” wood is the residue of a much greater amount of sound cellulose than 
that in the “‘rotted’”’ wood, actually nearly one-half as much again, then it is 
clear that the «-cellulose content of the cellulose has been considerably reduced 
even in the later stages of the fungal attack. 

The fall in the pentosan content indicates that the fungus is acting in a 
manner similar to its attack on the cellulose. In the early stages the pentosan 
is removed more rapidly than the cellulose, the former by 85°%, the latter by 
50%. The effect of the fungus on the pentosan content of the wood as a whole 
will be considered at a later stage. 

From the 1.v. it is possible, following Bergman & Machemer [1930], to 
calculate the mol. wt./unit reducing group for these two fractions. The values 
obtained are given below in Table IV and have been calculated for that part of 
the cellulose fraction which cannot be classified as «-cellulose. In view of the 
difference of opinion which exists concerning the structure of the «-cellulose 
molecule the values for the non-x-cellulose fraction have been calculated in 
two ways: firstly considering the «-cellulose molecule as being a straight chain 
of approximately 150 glucose anhydride units and therefore having I.v. 0:8; 
secondly, regarding it as a ring structure with zero I.v. 


Table IV 


Mol. wt./unit reducing group 
Cc eng 
**Rotted” ‘*More rotted” 
1.V. 0-8 7782 4386 
0-0 7194 3945 
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It appears therefore that parallel with reduction in the «-cellulose the non- 
a-cellulose is being hydrolysed with the production of units of smaller mol. 
wt./unit reducing group; the fungal attack is therefore shortening the chain 
lengths of the cellulose molecules. As the pentose contents of these cellulose 
fractions are small it is clear that these mol. wt. values illustrate very largely 
the effect of the fungus on the cellulose molecule. If in addition to the hydrolytic 
action of the fungus, oxidation occurs so that some of the freed reducing groups 
are oxidised, then the actual chain lengths of the molecules would be much 
shorter than represented by the figures in the table. These may therefore be 
regarded as the maximum values for the mol. wt./unit reducing group. It 
should be remembered that these fractions are probably mixtures of many chain 
lengths and the values obtained are therefore only averages of the mol. wt. of 
the units in the sample. 

The values for the uronic anhydride contents are more difficult of inter- 
pretation, since the rising values with increasing degree of rotting may be due 
solely to the inability of the fungus to attack a molecule of the uronic type, the 
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rise in the content of uronic anhydride being due to the removal of other parts 
of the fraction. The uronic anhydride content of the normal cellulose was 0-9 % 
and with such a value for the unrotted material it is impossible to come to any 
conclusion concerning the origin of the unit in the rotted cellulose. 


Alkali-soluble fraction 


Two samples were prepared, one from the “‘rotted’’ wood and the other from 
the ‘more rotted”. The powdered wood after extraction with benzene, alcohol 
and water was kept with 4° NaOH for 24 hr. in the cold with frequent stirring, 
the proportions being 11. NaOH to 100g. wood. The alkaline filtrate was 
acidified with excess glacial acetic acid, the precipitate centrifuged, washed with 
water and dried by treatment with 95% alc., abs. ale. and ether successively. 
The product from the “‘more rotted ’’ wood was light brown in colour while that 
from the “‘rotted” wood was light grey. The product obtained by drying with 
alcohols and ether, while showing no chemical differences from that prepared by 
washing with water and dilute alcohol until acid-free and drying in vacuo, was 
very much lighter in colour. The following table gives the values of certain 
estimated groups. 


Table V 


“ Rotted”’ “More rotted” 
Uronic anhydride 10-96 % 575% 
Pentosan 4-49% 7:70 %, 
Methoxyl ss % ot % 
LV. 35-2 50-10 
Mol. wt./reducing group 568 399 


The methoxyl determinations were made using the semi-micro method of 
Clarke [1932]. 

Our previous work had shown that this alkali-soluble material was a mixture 
of various substances and as a preliminary stage in the investigation the fractions 
were submitted to mild acid hydrolysis. 

10 g. of the ‘‘more rotted” sample were hydrolysed at 100° using 16 ml. HCl 
in 500 ml. water for successive periods of 3 and 6 hr., 2 g. of the residue were 
treated with fuming HCl in the cold for 18 hr., the solution diluted to 3% and 
heated at 100° for 3 hr. The residue was filtered off and regarded as a lignin-like 
substance. The following table gives the values of the radicals determined in 
the residues from each of the three successive periods of hydrolysis. The values 
in brackets indicate the amount of the radical calc. as °% original material. The 
pentosan values were calculated following the formula suggested by Angell et al. 
[1936]. 

The filtrates after removal of the residues from the acid hydrolysis were 
neutralized with BaCO,. Those from the dilute acid hydrolysis yielded a small 
quantity of precipitate, pale purple in colour and that from the strong acid 
hydrolysis a small quantity of an almost black substance. The organic material 
was separated from the BaCO, by evaporating the solution to dryness in vacuo 
and extracting the residue with 75 % alcohol, evaporating the extract to dryness 
and extracting the residue with a higher concentration of alcohol. This process 
was continued until BaCO,-free hydrolysis products were obtained in either 
95°% or absolute alcohol. The products from the dilute acid hydrolysis were 
obtained in two fractions, one soluble in absolute, and the other in 95 % alcohol. 
The former gave crystals of cadmium xylobromide when treated in the usual 
manner and from the latter were obtained with phenylhydrazine characteristic 
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crystals of mannose phenylhydrazone, M.P. 190°. By titration with Fehling’s 
solution the mannose was estimated as 0-39 g. or 3-9% of the original material. 

It appears therefore that dilute acid hydrolysis liberated mannose, xylose 
and an unknown acid, the last being obtained as a Ba salt. 


Table VI After hydrolysis 
Se — — —— ——-_- - 
Original 3 hr. 9 hr. Fuming HCl 
substance (100°) (100°) (15°) 
% of original 100 82-5 80-8 49-5 
% OMe 6-71 9-2 9-03 11-84 
(7-3) (7-3) (5-86) 
% uronic anhydride 5-75 4-46 4-94 0-00 
(3-68) (3-99) 
% pentosan 7:70 0-00 0-00 0-00 
LW. 50:1 24-8 23°3 32-2 
Mol. wt./reducing group 399 807 858 621 


The products of strong acid hydrolysis were obtained in solution in 95 % ale. 


The solution contained glucose (isolated as glucosazone). By titration with 
Fehling’s solution the glucose content of the solution was calculated as 0-4 g. 
The total loss on hydrolysis by fuming HCl was 3-13 g. and of this 1-60 g. were 
obtained as glucose. 

The alkali-soluble material from the “‘more rotted’ wood consisted therefore 
of three parts; first xylose, mannose and an unidentified acid obtained by dilute 
acid hydrolysis, secondly a fraction hydrolysed by fuming HCl yielding about 
50% of the hydrolysis product in the form of glucose and containing also a 
considerable quantity of a uronic acid (12-08%), and thirdly a lignin body 
containing about 12% OMe. 

The examination by acid hydrolysis of the alkali-soluble material from the 
“rotted”? wood was carried out as described above for the material from the 
‘more rotted’? sample. 4g. were submitted to a single dilute acid hydrolysis 
before treatment with fuming HCl. The following table gives the values obtained 
for the different radicals estimated in the residues from the hydrolysis. The 
figures in brackets represent these values calculated as % original material. 


Table VII 


After hydrolysis 


—_—_———_— 
Original 4 hr. Fuming HCl 
material (100°) (15°) 
% of original 100 69-2 19-55 
% uronic anhydride 10-96 6-00 0-00 
(4-15) 
% pentosan 4-59 0-00 0-00 
o OMe 4-52 5-14 11-54 
(3-56) 2-27) 
I.V. 35-2 21-8 12-01 
Mol. wt./reducing group 568 917 1667 


The filtrates were worked up as before. That from the dilute acid hydrolysis 
yielded an unidentified acid, isolated as a Ba salt, xylose and mannose as sugars, 
the latter amounting to 0-58 g. The fuming acid hydrolysis yielded glucose to 
the extent of 0-64 g. (32-2 % of the total material hydrolysed) ; this fraction also 
contained 19-5 °% of uronic anhydride. 

The fractions soluble in dilute alkali from both samples of rotted wood appear 
to have the same general constitution but differ in the proportions in which the 
parts are present. If any part of the material hydrolysed by dilute acid is the 
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product of fungal activity it would be the pentose fraction; the part hydrolysed 
by the fuming HCl is a product of fungal action as it has no counterpart in 
sound wood. 

An attempt was made to resolve this fraction further by methylating the 
alkali-soluble material after dilute acid hydrolysis to remove the sugars and the 
unidentified acid. 10 g. were hydrolysed with 1% HCl for 6 hr. at 100° and 
the residue methylated with methyl sulphate and strong alkali. At the end of 
the reaction the solution was acidified with glacial acetic acid and the residue 
filtered off. This residue was remethylated and after five methylations 5-65 g. 
residue, OMe 28-99%, were obtained on acidification of the final reaction 
mixture. No further increase in the OMe content could be obtained with methyl 
sulphate, and Purdie’s reagents could not be used owing to the insolubility of 
the residue in any solvent and the consequent difficulty of freeing the methylated 
product from Ag,O. The residue, light brown in colour, was extracted with 
CHCl, until no further solution occurred. The residue, dark brown in colour, 
OMe 24-64%, was subjected to mild acid hydrolysis using 1% HCl at 100°. 
Hydrolysis was negligible, only a trace of brown gum being obtained from the 
filtrate. The residue was subjected to hydrolysis by cold fuming HCl and again 
the amount of hydrolysis was negligible. This residue evidently represents a 
fully methylated lignin-like body and is 39-5 % of the original material. 

The filtrates from the first three methylations were brought to a slight 
acidity by addition of NaOH, reduced to small bulk in vacuo, the crystals of 
sodium acetate filtered off and the solution remethylated. The resulting solution 
was brought to a slight acidity, evaporated to a small bulk and completely 
extracted with CHCI,. To this CHCl, extract was added that from the lignin-like 
residue described above, the solution dried over anhydrous Na,SO, and the 
solvent removed in vacuo. The product, a brown gum, dried to a hard varnish, 
OMe 32-04%; after methylation with Purdie’s reagents OMe 34-53%, repre- 
senting the highest value obtainable. This fraction was hydrolysed with fuming 
HCl at 15° for 20 hr., during which time the solution turned dark brown in 
colour; the solution was acrated to remove part of the acid, diluted with water and 
the residue filtered off. The solution was neutralized with BaCO, and evaporated 
to dryness in vacuo. The CHCl, extract of this semi-crystalline mass was 
evaporated to a thin syrup and crystallized after several months in vacuo. The 
mixture of crystals and syrup was extracted with dry ether leaving a small 
amount of brown residue. On evaporation a mixture of crystals and an ether- 
soluble gum were obtained. After two crystallizations from dry ether M.P. 
115-118° and OMe 40-6 %. 

It was obvious that while a fraction had been separated by methylation 
comprising a unit containing glucose, trimethyl glucose having been obtained 
by hydrolysis of part of the methylated body, this method did not liberate the 
glucose-containing fraction unassociated with the lignin-like body. It was 
therefore decided to attempt a separation by acetylation. 

5 g. portions of the alkali-soluble material from the more rotted wood were 
acetylated using three different methods: (1) acetic acid, acetic anhydride and 
a trace of conc. H,SO, at 100°; (2) pyridine and acetic anhydride in the cold; 
(3) Barnett’s method as used by Bell [1932]. In all cases an insoluble residue 
remained after treatment. The soluble portion was recovered by precipitation 
in warm water, the precipitate was washed with water on the filter until acid-free 
and dried with ether. The fractions were all pale fawn in colour giving dark 
brown solutions with dilute alkali. The amounts of acetylated material obtained 
by the first and third methods were much greater than that with the use of the 
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second. The following table gives the acetyl content and the 1.v. of the acetylated 
fractions together with the same values for a similar fraction prepared from the 
alkali-soluble material after dilute acid hydrolysis. 
Table VIII 
Acetylated alkali-soluble fraction 


Acetyl value I.V. Mol. wt./reducing group 
Method (1) 46-6% 25-7 778 
» (2) 44-3% 41-9 479 
(3 47-7% 47-5 421 


Acetylated alkali-soluble fraction after dilute acid hydrolysis 
Method (3) 43-7% 13-5 1481 


An attempt to resolve the acetylated alkali-soluble fraction by fractional 
precipitation was unsuccessful. 

The soluble products from all the methods contained pentose and those from 
methods (1) and (3) contained glucose, isolated after fuming HCl hydrolysis of 
1 g. samples of each acetylation product. The residue from method (2) contained 
pentose and glucose and the pentose content could not be further reduced by 
treatment with these mild reagents whilst more powerful reagents removed not 
only the pentose but also other parts of the residue. As it was intended to 
estimate the mol. wt./reducing group for the glucose-containing units in the 
alkali-soluble fraction it was desirable that every trace of pentose should be 
removed. It is clear that these acetylation methods have not effected a complete 
separation of the pentose- and glucose-containing units and that mild acid 
hydrolysis cannot be avoided and is the only way of removing the pentose 
fraction completely. As the use of a trace of conc. H,SO, as a catalyst might be 
regarded as likely to result in considerable acetolysis and pyridine was too feeble 
a catalyst, Barnett’s method was used in spite of the objection that the chlorine 
tends to chlorinate the lignin part and render it more soluble in the acetylating 
reagents. The product of Barnett’s method on the residue from the dilute acid 
hydrolysis of the alkali-soluble fraction was a pale yellow amorphous mass, 
uronic anhydride content 4-28°%, M.p. 246°. The acetyl and iodine values are 
given in Table VIII. On hydrolysis with fuming HCl the residue was black in 
colour and amounted to 9-43° and on working up the filtrate glucose was 
identified as osazone; titration with Fehling’s solution gave 0-543 g. glucose 
(41-4% of the acetate hydrolysed). The nature of the residue is unknown. 
Assuming that it contained no reducing groups when it was in the form of the 
acetyl derivative and that the glucose molecules are in the form of a chain then 
the minimum mol. wt. of the glucose chain (deacetylated) would be 756 repre- 
senting a chain of 4 or 5 mols. If the residue contained reducing groups the 
chain lengths would be very much larger. Of the acetyl derivative hydrolysed 
about 95°% has been accounted for in the fractions acetyl, glucose, uronic 
anhydride and residue. 

The alkali-soluble material from the “‘rotted’’ wood was acetylated by the 
methods used in examining the “‘more rotted” fraction. The following table 
gives the values obtained. 

Table IX 


Acetylated alkali-soluble fraction 


Acetyl value LY: Mol. wt./reducing group 
Method (1) 35-6 % 31-1 643 
» (2) 334% 45-2 443 
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Barnett’s method (method 3) was used on the residue from the dilute acid 
hydrolysis of the alkali-soluble fraction. The product obtained had acetyl value 
41-3%, 1.v. 13-5, giving mol. wt./reducing group value 1481, a uronic anhydride 
content 0-96 °% and m.P. 152°. Method (1) did not result in any fractionation 
of the alkali-soluble material as the whole of it passed into solution and the 
product was not resolved by fractional precipitation. Both the residue and the 
soluble portion obtained by method (2) contained pentose but only the former 
contained glucose. The product of method (3) on the residue from dilute acid 
hydrolysis was hydrolysed using fuming HCl for 20 hr. at 15°. The residue 
amounted to 13-6°% and the filtrate contained 0-578 g. glucose representing 
45-7 % of the acetate hydrolysed. The whole of the acetyl derivative is accounted 
for in the fractions acetyl, glucose, uronic anhydride and residue, the nature of 
the last being unknown. Making the same assumptions as before, the mol. wt. 
of the gluco ose chain (deacetylated) is calculated as 751 giving a chain of 4 or 
5 mols minimum length. 


Water-soluble fraction (‘more rotted” only) 


The solution had strong reducing powers, was acid to litmus and on evapora- 
tion gave a brown, deliquescent mass drying after several weeks in vacuo to an 
amorphous mass. With HCl and phloroglucinol the absorption band spreading 
from the D line towards the # suggests the presence of a pentose. The pentose 
content was 7-7 % and the uronic anhydride value 10-0 %. The aqueous solution 
gave no precipitate on neutralizing with Ba(OH),, but ‘ considerable excess of 
the latter produce d a bulky, fawn-coloured precipitate, which was filtered off 
and dried im vacuo, Ba 28-8%. On addition of 2 vol. 95% alc. a further pre- 
cipitate was obtained, Ba 28-5%. The filtrate from the Ba precipitations was 
treated with dil. H,SO, to remove the excess of Ba. The filtrate had strong 
reducing powers and on removal of the solvent yielded a pale yellow gum which 
after many months im vacuo dried to a resinous mass. 

As the two Ba precipitates were alike in properties and Ba content they were 
united. 2 g. of the Ba precipitate treated with cinchonine sulphate failed to give 
any crystalline material other than cinchonine and it was impossible to prepare 
any pure fraction from the remaining residue. 

5 g. of the Ba precipitate were dissolved in water acidified with dilute acetic 
acid and the Ba removed by the addition of the calculated amount of H,SO,. 
The filtrate after removal of BaSO, reduced Fehling’s solution strongly, was 
dark brown in colour and was decolored with charcoal. Attempts to precipitate 
this fraction with NaHSO,, to form an oxime, a phenylhydrazone or a semi- 

carbazone were without success, but with Brady’s reagent a copious amorphous 
red precipitate appeared. After standing for 4 hr. this was collected and washed 
with 2N HCl and with water until acid- free; the crude product had M.P. 178°. 
This compound was exhaustively extracted with hot absolute alcohol leaving 
a brown insoluble residue, M.P. 280° dec. With Neuberg’s test a violet colour 
was given indicating that the substance was a_bis-dinitrophenylhydrazone. 
Found (micro) : C, 41-0; H, 3-49; N, 19-25% ; C,yHs)N 0), requires C, 41-3; H,3-44; 
N, 19-31%. The substance forming the dinitrophenylhydrazone would be 
C,H,,0,. The alcohol-soluble material was obtained by e — the solution 
in vacuo to small bulk, filtering and pouring into an equal bulk of 2N HCl when 
a red precipitate se parated. The washed and dried precipitate, M.P. 147°, gave 
a — colour with the Neuberg test. Found (micro): C, 45-10; H, 4-09; N, 
17-82%; Cy,HagN,0,3 requires C, 45-43; H, 4-10; N, 17-67% which as a bis- 
compound represents an original substance of C,,H,,0,. The filtrate after the 
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removal of the precipitate resulting from the addition of Brady’s solution was 
set aside and a further precipitate settled out very slowly. After 3 months the 
precipitate was filtered off and exhaustively extracted with boiling absolute 
alcohol in a Soxhlet extractor; the amount of substance removed was small and 
the residue was a bright red amorphous mass M.P. 182°. Found: C, 45-80; 
H, 3-41; N, 18-40%. The preparation gave a violet colour with alcoholic NaOH; 
bis-dinitrophenylhydrazone C,,H,,N,0,. requires C, 45-9; H, 3.49; N, 18-6%. 
The original compound would be C,,H,30,. 

The filtrate after removal of the Ba-precipitated fraction of the water-soluble 
material was evaporated to a stiff gum, from which no crystalline fraction could 
be obtained. However prepared the substance precipitated by Brady’s method 
was red and amorphous. The material was soluble in water and was purified by 
dissolving it in the smallest volume of pure pyridine, diluting with an equal 
volume of water and pouring into 2N HCl with good stirring and ice cooling. 
The red precipitate which formed was collected and washed with dil. HCl and 
dried in vacuo: M.P. 116°. Found: C, 51-98; H, 5-31; N, 13-03%. From the 
colour reactions with Neuberg’s reagent the compound appears to be a mono- 
dinitrophenylhydrazone and C,,H,,N,O, requires C, 52-41; H, 5-29; N, 12-87%. 
The original substance would be C,,H,,0;. 

An attempt to resolve the water-soluble fraction was made by hydrolysis; 
2 g. of the Ba(OH), precipitate were dissolved in acidified water, the Ba removed 
with the requisite amount of H,SO,, the solution acidified to 2 °% HCl and heated 
for 6 hr. at 100°. A dark brown lignin-like substance was filtered off and both 
it and the solution had lost their reducing powers. The ease with which these 
water-soluble substances form lignin-like bodies is of interest in view of the 
formation of a lignin-like substance which appears in the alcohol-soluble fraction 
under the action of the fungus. The alkali-soluble fraction also contains a lignin- 
like substance which may be of fungal origin. 


Alcohol-soluble fraction 


Following the method outlined in our earlier work this fraction was purified 
by solution in glacial acetic acid and precipitation of the pure material by 
pouring the acid solution into a large volume of cold water. After two pre- 
cipitations the OMe content was 8-92°%. Using Brady’s more recent technique 
a dinitrophenylhydrazone was prepared. This product was non-crystalline, had 
M.P. 195° and dissolved sparingly in alcoholic NaOH with a red colour. Found: 
N, 555%; CpH;4O,9N, requires N, 5-52°%. This confirms our previous finding 
that the alcohol-soluble fraction contains a substance with the formula C,H; )0;¢ 
and that this substance contains only one reducing group. 


DISCUSSION 


Of the two samples of rotted wood examined the “‘rotted’’ sample is regarded 
as being only slightly attacked as the lignin content is very little greater than 
that of the sound wood. As will be shown in a later communication the lignin 
is not attacked by the fungus and therefore the amount of this fraction in any 
sample of rotted wood calculated as % of the sample is a guide to the loss of 
tissue through the respiratory action of the fungus. The “‘more rotted” fraction 
shows a much greater degree of fungal attack, the lignin content having risen 
to a high value. Even in the “‘rotted” fraction the destruction of the cellulose 
has proceeded to a very considerable degree, for while the actual loss of wood 
as gaseous products of respiration is probably less than 15 % of the original wood 
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the loss of cellulose is over 50%, the cellulose content having fallen from 60-5 
to 28-8%. In the “‘more rotted” Srnotion where the actual loss of weight of 
the timber hae probably been just over 40% the cellulose content has fallen to 
less than 25 % of its original value. This ie it clear that in the earliest stages 
of the haa attack the cellulose is degraded to a smaller molecular unit, which 
ceases to be recorded as cellulose, at a much greater rate than these smaller 
units are oxidized to the gaseous end products of respiration. This degradation 
of the cellulose is even more clearly seen when the actual constitution of the 
cellulose fraction itself is studied. The «-cellulose content of the wood samples 
has fallen from about 48°% of the whole sample for the sound wood to about 
6% of each of the two samples of rotted wood. The speed with which this 
a-cellulose is attacked is remarkable when account is taken of the small loss of 
tissue due to the action of the rot in the “‘rotted” wood sample. Further, the 
average mol. wt. calculated from the iodine values of the non-«-cellulose fraction 
of the ‘‘rotted” and “‘more rotted”’ celluloses have been determined and these 
values show clearly that besides the reduction in the amount of cellulose and 
of «-cellulose the non-«-cellulose fraction is being reduced in molecular size. 
The average chain length of the molecules of the non-«-cellulose in the “‘rotted” 
fraction is about 44 glucose anhydride units while that of the “‘more rotted” 
sample is about 24 such units. From the uronic anhydride values there is no 
evidence of extensive side chain oxidation during this degradation and as with 
increasing degree of rotting the I.v. increase probably the reducing groups at the 
ends of the molecules are not being oxidized as the degradation proceeds. It 
appears therefore that this breakdown «-cellulose -non-«-cellulose -non- 
cellulose fraction is a process of hydrolysis in which the first stage takes place 
with extreme rapidity. These observations are correlated with the fact that 
timber rotted by M. lachrymans loses a great portion of its mechanical strength 
during the earliest stages of the fungal attack. 

When the pentosan content of the cellulose is considered it is clear that this 
fraction is removed very rapidly by the fungus, the value falling from 10-33% 
of the cellulose of the sound wood to 3-5 °% of that of the “rotted” and to 2-23 % 
of that of the “more rotted”. If these values are calculated as % of the wood 
sample then it becomes clear that the removal of the pentosan from the cellulose 
in the early stages of the fungal attack is much more rapid than the degradation 
of the cellulose to a non-cellulose fraction. The cellulose content of the wood 
falls by about 50% while the content of pentosan associated with the cellulose 
falls to about 15 % of its value in sound wood. In the later stages of the attack 
this preferential attack on the pentosans is maintained but the rate is rather 
slower for while the cellulose content falls by about 50% the pentosan falls to 
about one-third of the value for the “‘rotted”’ wood. This preferential loss of 
pentosan may be due to its smaller mol. wt. as compared with that of the 
cellulose with the result that the hydrolytic activity of the fungus reduces it 
more rapidly to a molecular size such that it is removed by some of the solvents 
before the cellulose fraction is estimated. 

The fall in the cellulose content of the rotted woods varies inversely with the 
content of material soluble in dilute alkali. This dilute alkali-soluble fraction 
when examined by progressive hydrolysis yielded three fractions, one hydrolysed 
by dilute acid giving mannose, xy lose and an unidentified acid, a second, which 
had a uronic anhydride content and on hydrolysis with fuming HCl gave glucose 
and a third insoluble fraction which resembled lignin. Part of the xylose in the 
first fraction probably represents the pentosan split from the cellulose by the 
fungus as the pentosan content of the alkali-soluble fraction of the sound wood 

15—2 
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calculated as % of the whole sample is 0-53 while that for the ‘“‘rotted” is 1-35 
and for the “‘more rotted” 1-69. This fraction of the rotted woods appears 
therefore not only to contain the breakdown products of the cellulose itself but 
also of its associated pentosans. An attempt to isolate this fraction which is 
only hydrolysed by strong acid from the lignin residue was made by methylating 
the residue from dilute acid hydrolysis but without success. The product 
obtained certainly yielded trimethyl glucose on hydrolysis but it also contained 
a large amount of a lignin-like substance. However by acetylating a similar 
residue using Barnett’s method it was possible to prepare from both samples 
of rotted wood a fraction which contained a certain amount of uronic anhydride, 
only a very small part however of that present in the material acetylated, and 
yielded on hydrolysis with fuming HCl glucose and a small quantity of a dark 
coloured residue. The small amount of uronic anhydride in the acetyl derivative 
may be due to the destructive action of the reagents on the molecule. The nature 
of the residue is unknown and it may be that it is not present in the material 
originally acetylated but is a product of the acetylation and the strong acid 
hydrolysis. From the acetyl, uronic anhydride and iodine values, the amount 
of glucose obtained on hydrolysis and the amount of the residue it is possible 
to obtain a value which probably represents the minimum mol. wt. of the 
glucose chain in the acetylated compounds. For both samples of rotted wood 
this value is approximately 750 representing a chain of 4 to 5 glucose anhydride 
units. This must be regarded as the minimum, since if there is in the acetylated 
material any reducing group other than that at the end of the chain of glucose 
molecules then the actual chain length would be much greater than the calculated 
value. It is impossible to make a close comparison between the values so 
obtained and those calculated from the 1.v. of the residues of the alkali-soluble 
material after dilute and strong acid hydrolyses, because it is quite obvious that 
one fraction is not exactly the acetyl derivative of the other. A calculation of 
the mol. wt./reducing group of the fraction removed by strong acid hydrolysis 
for both the ‘‘rotted”’ and the ‘“‘more rotted’”’ woods shows, however, that the 
values obtained are of the same order as those from the acetyl derivatives. For 
the fraction from the “‘‘rotted” wood the value is 612 and for the “more 
rotted” 1250. 

It is obvious from a comparison of the uronic anhydride content of the 
alkali-soluble fraction of the ‘‘rotted’’ wood with that calculated from our 
previous communication for sound wood that considerable oxidation has been 
involved in the formation of this unit. Calculated as % of the whole wood 
sample the uronic anhydride content of the alkali-soluble fraction of the sound 
wood is 0-36 % while for the “rotted ’’ wood the content of this fraction is 3-30 %. 

From the water-soluble fraction of the “‘more rotted”? wood, which alone 
has been studied, certain substances with powerful reducing properties have 
been isolated as 2:4-dinitrophenylhydrazones. The acidic properties of the crude 
extract have not been elucidated. This fraction shows considerable differences 
from that isolated in our previous work. No part of it is precipitable with 
methyl alcohol and it gives no crystalline substance with phenylhydrazine 
hydrochloride under the usual conditions. In our last publication part of the 
water-soluble fraction was reported as containing glucose; this was deduced 
from the crystalline form of the osazone prepared as usual. Since that time 
I have had the opportunity of examining many aqueous extracts from rotted 
woods and from a small number have isolated an osazone of crystalline form 
similar to that of some preparations of glucosazone. In no case however was 
the amount large enough to enable a detailed examination to be made, but 
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when sufficient was obtained to determine the M.P. of a pure sample it was 
found to be far from that of glucosazone, being in fact c. 138°. 

Only the empirical formulae of the substituted phenylhydrazones have been 
determined and in no case does the formula represent a molecule containing as 
few as 6 C atoms. If these then are intermediate products or even by-products 
in the breakdown of cellulose in fungal respiration, the fungus must attack, by 
other than hydrolytic methods, units consisting of two or three glucose anhydride 
molecules; the presence of a molecule containing C,, suggests that the minimum 
unit attacked is a trisaccharide. These substances may not be the breakdown 
products of cellulose but units synthesized by the fungus from much smaller 
compounds during its respiratory activities. 

The identity of the bodies yielding furfuraldehyde and CO, on distillation 
with 12% HCl has not been established. 

The lignin fraction of the alkali-soluble material is of interest since part at 
least of it must be a product of fungal activity; as prepared from both the 
“rotted” and the “‘more rotted” woods it contains about 12% OMe. In 
addition this fraction from the latter wood can be methylated to a total content 
of about 24%. 

It can be concluded that the breakdown of the cellulose to smaller units is 
essentially hydrolytic and proceeds at a very rapid rate in the earliest stages of 
fungal attack. The molecular size of the units produced by hydrolysis is un- 
known but there is evidence which suggests that the size of the unit which the 
fungus attacks oxidatively is not less than a trisaccharide. Exact information 
on this point is lacking since it is not possible from the work done to decide 
whether certain fractions are intermediate stages in the respiratory process or 
waste products. 

SUMMARY 

1. Two fractions of rotted wood have been prepared from a piece of pine 
wood panelling (probably P. resinosa) rotted by Merulius lachrymans. 

2. The properties of the alcohol, water and dilute NaOH extracts and of the 
cellulose in each were examined in detail. 

3. Conclusive proof is given that the early stages of the attack on the 
cellulose are hydrolytic and that this process is extremely rapid even in the 
earliest stages. The molecular size of the final product is uncertain but there 
is a suggestion that it is not smaller than a trisaccharide. 

4. Certain reducing compounds have been isolated from the water-soluble 
fraction. It is uncertain whether these, together with the alcohol-soluble 
material, are intermediate stages in the respiration of the fungus or waste 
products. 


[ desire to express my thanks to Prof. B. H. Bentley for the many ways in 
which he has facilitated this work and to the Trustees of the Dixon Fund of 
the University of London for the loan of a micro-balance which has been used 
in many of the determinations. 
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XXXII. THE POTENTIOMETRIC DETERMINA- 
TION OF POLYPEPTIDES AND AMINO-ACIDS 


III. THE TITRATION OF AMINO-ACIDS AND 
PEPTIDES IN THE PRESENCE OF SUGARS 


By ERNEST WILLIAM BALSON ann ALEXANDER LAWSON 


From University College, Southampton 
(Received 25 October 1937) 


IN a previous communication [Balson & Lawson, 1936] a potentiometric in- 
vestigation of the action of formaldehyde on amino-acids was outlined. This 
investigation was continued employing other aldehydes, including glucose and 
other aldoses, without results of any particular significance being obtained. In 
view, however, of the recent publication of Frankel & Katchalsky [1937] we 
feel it desirable to publish some of these results. 

The problem of the interaction between amino-acids and sugars has been 
studied by various workers. Borsook & Wasteneys [1925] found that some 
reaction occurs leading to a lowering of the NH,-nitrogen value as determined 
by the Van Slyke method. They also found that the diminution in NH,-nitrogen 
was increased with increasing alkalinity of the medium. Neuberg & Kobel 
[1925 ; 1926; 1927; 1928] studied the reaction by following the changes in optical 
rotation on mixing an amino-acid with a sugar, and found that only the reducing 
sugars were affected. Euler et al. [1926; 1928] employed the cryoscopic method 
of examination and were able to study the reaction quantitatively. They found, 
with increasing alkalinity, a progressive rise in the extent of combination, in 
agreement with the above authors, but no optimum at pH 8 as reported for the 
reaction between glycylglycine and glucose by Waldschmidt-Leitz & Rauchalles 
[1928]. Frankel & Katchalsky [1937] made a potentiometric investigation of the 
action of a number of sugars, together with formaldehyde and glyceraldehyde, 
on various amino-acids and peptides and concluded that there is a pH optimum 
for the reaction at about pH 7-8, in agreement with the results of Waldschmidt- 
Leitz & Rauchalles. 

The experimental findings of Frankel & Katchalsky confirm our work, but 
the conclusions at which we arrived are much at variance with those they have 
published. 

The effect of added sugar on the titration curves of amino-acids in general, 
is to bring these to a more acid level, but they are not of the same form as those 
for the titration of amino-acids in aqueous solution, and possess little or no 
inflection at the end-point. it can therefore be concluded that the titration 
constants which describe these curves are fairly close to one another and thus 
the pH values in the curves cannot be ascribed to the titration of any one acid 
group. Hence, in order to determine whether any significant change in the acid 
function of the amino-acid has occurred it is necessary to construct a titration 
curve in which the increment due to the acidity of the sugar has been eliminated. 

In order to obtain such a curve, the procedure of Michaelis & Rona [1913] 
with slight modifications was adopted. An aqueous solution of the sugar and 
amino-acid was titrated with caustic soda and the titration curve plotted. An 


( 230 ) 





POTENTIOMETRIC DETERMINATIONS. III 231 


equal volume of the same sugar solution together with a volume of water equal 
to the volume of the amino-acid solution added in the first titration, was then 
titrated with the alkali and the titration curve again plotted. 

Shaffer & Urban [1932] have evaluated the titration constants of various 
sugars and have shown the presence of two weakly acidic groups with the 
possibility of a third extremely weak group. The form of our sugar curves is in 
agreement with these results, it being found impossible to describe the curves 
by means of a single titration constant. Since the complete analysis of the 
sugar curves was not required in the theoretical treatment below, the derivation 
of the titration constants was not further investigated. 

In the amino-acid-sugar-alkali titration the electroneutrality equation always 


holds: i.e. 
Na,t=S'+A’+OH’,  ————— as ae (1) 


where S’=anion of sugar; A’=anion of amino-acid. 
Similarly in the titration of the sugar alone with alkali, 


Nat=S'+OH’. 22a (2) 


Now at the same pH, 
Na,+—Na,+=ANa=J’, 


and this is the equation for the titration of the amino-acid alone in the given 
solution, since if M=amount of amino-acid used, and K,, is its acid dissociation 
constant, then 


K,=Ht+.A'/HA=H+.A’/(M—A’)=H+.ANa/(M—ANa). 


Accordingly, the differences between the NaOH additions at the same pH 
were plotted against pH, giving a curve in which the acidity due to the sugar 
had been eliminated. This was directly compared with the titration curve of 
the same amount of amino-acid in the same volume of water originally used. 

it was found thai this difference curve obtained in the above way was of 
the standard form for the titration of a weak acid by caustic soda, and was in 
some cases identical with, and never appreciably different from that obtained 
by direct titration of the amino-acid in water. The observed discrepancies 
did not exceed about 0-1 pK unit (56 mV.), and the method employed would 
normally be associated with an experimental error of this order. Moreover, it 
is unlikely that any change in junction potential resulting from the addition of 
sugar to the aqueous amino-acids would be greater than this value. Any reaction 
therefore, taking place between the two components in water produces no 
significant change in the acid function of the amino-acid. In other words the 
amino-acid-sugar complex, if formed, has a dissociation constant very nearly 
equal to that of the amino-acid itself. 

The titration curves of Frankel & Katchalsky are therefore, in themselves, 
of no value for assessing the extent of reaction, since the observed pH changes 
on addition of sugar to an amino-acid are due solely to the acidic function of the 
sugar. The same defect is also apparent in the pH optimum curves of the above 
authors. 

Another point in the paper of Frankel & Katchalsky is worthy of notice. 
A pH optimum curve is described for the interaction of formaldehyde and amino- 
acids, the curve exhibiting a sharp maximum at pH 7-8. This curve was obtained 
by plotting the pH change on addition of a standard quantity of formaldehyde 
to an amino-acid brought to a given initial pH, against this pH. 
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The form of this curve is directly at variance with the results of previous 
workers in this field, notably Harris [1924; 1929], Levy [1933], Tomiyama 
[1935], and Balson & Lawson [1936]. 

Since the titration curve of an amino-acid in formaldehyde is accurately 
represented by: 








pK,=log (M—Nat*)/(Nat)+ pH, 






where pK, is the apparent dissociation constant of the amino-acid in the given 
formaldehyde solution, M is the amount of amino-acid employed, Na+ is the 
amount of caustic soda added, and since, in water an equation of the same type 
holds, the two titration curves, in water and in aqueous formaldehyde, will run 
parallel with each other, the formaldehyde curve being generally at the more acid 
level. Further, for the same extent of neutralization in both water and formalde- 
hyde, the difference in pH values, i.e. ApH, is clearly constant. 

Thus for any amino-acid-alkali buffer the pH change on adding formalde- 
hyde should be independent of the initial pH, provided that the latter is in 
the region of the titration curve covered by the above equations. 













EXPERIMENTAL 






All titrations were carried out at 25°, using the hydrogen electrode, and 
technique as described in a previous paper [Balson & Lawson, 1935]. The half 
cell employed was the normal calomel, £.M.F. 0-2792 V. at 25°. The amino-acids 
were mostly samples from B.D.H., the sucrose and glycine being of AnalaR 
purity. 

(1) The system glycine-sucrose: 









Run I. 1-01 ml. glycine (82-3 mg./10 ml.) and 10 ml. sucrose (42-8 g./100 ml.) titrated with 
0-0841 V NaOH. 
Run IT. 10 ml. sucrose (42-8 g./100 ml.) and 1-01 ml. water titrated with 0-0841 VN NaOH. 
Run IIT. 1-01 ml. glycine (82-3 mg./10 ml.) and 10 ml. H,0O titrated with 0-0841 NV NaOH. 












0 02 04 0:6 0°8 10 
ml. NaOH added 


2 14 16 













Fig. 1. Glycine-sucrose. 


Run I. —o— Glycine-sucrose mixture. Run II. -—s— Sucrose. 
—— Glycine in sucrose-calculated from I and II. 
Run II. —e— Glycine in water. 
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(2) The system leucylglycine-maltose: 


Run I. 1-01 ml. leucylglycine (95-6 mg./5 ml.) and 10 ml. maltose (24-0 g./100 ml.) titrated 


with 0-0841 V NaOH. 
Run II. 10 ml. maltose (24-0 g./100 ml.) and 1-01 ml. H,O titrated with 0-0841 V NaOH. 


tun IIT. 1-01 ml. leucylglycine (95-6 mg./5 ml.) and 10 ml. H,O titrated with 0-0841 NV NaOH. 
(3) The system leucylglycine-glucose: 
Run I. 1-01 ml. leucylglycine (95-6 mg./5 ml.) and 10 ml. glucose (40-9 g./100 ml.) titrated with 


0-0841 V NaOH. 
Run IT. 10 ml. leucylglycine (95-6 mg./5 ml.) and 1-01 ml. H,O titrated with 0-0841 NV NaOH. 
tun IIT. 1-01 ml. leucylglycine (95-6 mg./5 ml.) and 10 ml. H,O titrated with 0-0841 V NaOH. 


The observed values of pH and alkali increment are shown in Figs. 1, 2, 3. 


9-00 9-00 


8-00 





eS eS 
7-00 7-00 
6°00 6:00 
0-2 0-4 060°8 10 12 1-4 16 O 0-2 0-4 0%6 0° 10 1-2 1-4 16 
ml. NaOH added ml]. NaOH added 
Fig. 2. Fig. 3. 


Fig. 2. Leucylglycine-maltose. 


tun I. —o- Leucylglycine-maltose mixture. Run II. -s— Maltose. 
—x— Leucylglycine in maltose—calculated from I and II. 


Run III.—o— Leucylglycine in water. 
Fig. 3. Leucylglycine-glucose. 


Run I. —c— Leucylglycine-glucose mixture. Run II. —s— Glucose. 
—x— Leucylglycine in glucose—calculated from I and II. 


Run III. -—s— Leucylglycine in water. 


SUMMARY 


1. The observed changes in pH on adding a sugar to an amino-acid buffer 
are shown to be due to the acidic function of the sugar only. The reaction product 
must therefore possess an acid dissociation constant not far different from that 


of the amino-acid itself. 

2. Since no significant changes in pH arise from the interaction, the electro- 
metric method cannot be employed as a means of studying the équilibrium. 

3. The pH optimum curves obtained for the formaldehyde titration by 
Frankel & Katchalsky are shown to be inconsistent with the accepted theory. 











234 


E. W. BALSON AND A. LAWSON 


REFERENCES 


Balson & Lawson (1935). Biochem. J. 29, 2700. 
(1936). Biochem. J. 30, 1257. 

Borsook & Wasteneys (1925). Biochem. J. 19, 1128. 
Euler & Brunius (1926). Ber. disch. chem. Ges. 59, 1518. 
(1928). Liebigs Ann. 467, 201. 

— & Josephson (1926). Hoppe-Seyl. Z. 155, 259. 
& Josephson (1926). Hoppe-Seyl. Z. 153, 1. 
Frankel & Katchalsky (1937). Biochem. J. 31, 1595. 
Harris (1924). Proc. roy. Soc. B, 95, 500. 
- (1929). Proc. roy. Soc. B, 104, 412. 
Levy (1933). .J. biol. Chem. 99, 767. 
Michaelis & Rona (1913). Biochem. Z. 49, 232. 
Neuberg & Kobe! (1925). Biochem. Z. 162, 496. 
—— (1926). Biochem. Z. 174, 464. 


(1927). Biochem. Z. 182, 273; 185, 477. 
-—— (1928), Biochem. Z. 200, 459. 


Shaffer & Urban (1932). J. biol. Chem. 94, 677. 
Tomiyama (1935). J. biol. Chem. 111, 51. 


Waldschmidt-Leitz & Rauchalles (1928). Ber. disch. chem. Ges. 61, 645. 


a 
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III. HUMAN LIVER AMYLASE 
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human liver amylase. The action of animal liver amylase preparations from the 
cat, rat, pig, ox, guinea-pig, rabbit and frog on glycogen and potato starch has 
already been reported in this Journal [Glock, 1936], the present investigation 
being undertaken as an extension of this. 

Two human liver preparations have been employed, both obtained from 
normal people who died from multiple injuries as a result of accidents. In each 
case, the liver was cut into small pieces and placed in acetone as soon as possible 
after death. The subsequent treatment of the material was identical with that 
previously employed [Glock, 1936]. The maltase activity of both human liver 
preparations was tested and found to be positive. Different samples of human 
serum were shown to have slight maltase but no amylase activity. The amylase 
was estimated according to the method of Baltzer [1935]. Compton [1921] 

and Barnes & MacKay [1936] found that human serum had no maltase activity. 


As far as the author is aware, no work has been published on the action of 


The digestion mixtures were set up as previously described for the animal 
liver preparations and the same estimations were performed, i.« 


) Unchanged polysaccharide. 

) Total reducing power. 

) Reducing power due to sugar alone. 

) Reducing power after acid hydrolysis. 
5) Lactic acid. 


The results are given below (Tables I and II). 


Table I 


Substrate wea — ae aie Glycogen 

Enzyme ... ie aa aed aaa Human liver amylase 1 

6 19 24 30 42 48 66 114 

9-5 20 23 26 31-2 35 39-3 49-3 
5 80 77 74 68-8 65 60-7 50-7 


Time in hr. 2 
"0 polysaccharide gone ... re ve 6 OO 
’o polysaccharide left ... a 95 
’% formation of total reducing substance es 


cale. as maltose as . 34 6-4 
2-5 


1 20 28-4 36-4 
59 1 


3-5 17-4 ] 23°¢ 
2-9 15 3 #186 21-9 26 33-7 


1% 


l 
] 


Yo formation of sugar cale. as ; maltose 
% formation glucose on =e cale. 


“from maltose bas A ed wees - ~ 100 99 102 99 
: _ ae a = ae 


% formation lactic ac id es 
Evidence for glucose as given by osazone No No No No No No Some Yes Yes 
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Table IT 

Substrate a. ies Bas ee Glycogen Potato starch 
Enzyme ... one = ee se Human liver amylase 2 
Time in hr. re i aes ae 66 114 66 114 
% polysaccharide gone ... ne ae 36-66 48-93 81-61 91-84 
% polysaccharide left ... ses ae 63-34 51-07 18-39 8-16 
% formation of total reducing substances 

cale. as maltose is aoe aes 35:37 47:33 56-52 76-4 
% formation sugar calc. as maltose ... 33-52 47-32 49-3 72 
% formation glucose on hydrolysis cale. 

from maltose... Re aos an 98 97 97 96 
Evidence for glucose as given by osazone Some Yes Yes Yes 


On comparing these results with those obtained with animal liver amylases, 
it is seen that human liver preparations behave rather like rat liver preparations. 
In both cases, maltose alone is formed in the early stages of hydrolysis, in the 
case of the human liver preparations up to about 42 hr. and in the case of the 
rat liver preparations up to about 6 hr., but, as digestion proceeds, glucose is pro- 
duced in addition. It has been shown in the case of the rat liver preparation, that 
this glucose could result from the action of the maltase in the blood of the liver 
preparation. Although the maltase activity of human serum is considerably 
less than that of the rat, the glucose formed by the human liver preparations 
might also conceivably be produced by the blood maltase contained in it, since 
glucose did not appear until a relatively late stage in hydrolysis (i.e. 48 hr.). 

By calculation, it was found that in the case of preparation 2, after 66 hr. 
hydrolysis, the sugar formed consisted of 81° maltose and 19% glucose, and 
after 114 hr. of 32°% maltose and 68% glucose. In contrast to the rat liver 
preparations, however, the formation of reducing sugar followed a hyperbolic 
curve. 

SUMMARY 

1. The course of hydrolysis of glycogen and potato starch by two acetone- 
extracted and dried human liver preparations was followed. 

2. The preparations were shown to possess positive maltase activity. 
Human serum was found to have slight maltase but no amylase activity. 

3. Maltose was the sole end-product in the early stages of hydrolysis, but 
after 48 hr. this was gradually transformed into glucose. 


My thanks are due to Mr Shackcloth, who kindly supplied me with the 
human liver. 
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XXXII. ENZYMIC PHOSPHORYLATIONS 
IN INVERTEBRATE MUSCLE 
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It has been shown by Lehmann [1935] that the enzymic transfer of phosphate 
from phosphopyruvie (or phosphoglyceric) acid to arginine, in crab’s muscle 
extract, is readily brought about by adenosine-diphosphate or -triphosphate but 
not by equivalent amounts of adenylic acid. In rabbit’s muscle extract, however, 
where phosphate is transferred to creatine, adenylic acid is also active. 

The following reactions are known to occur in vertebrate muscle (see the 
reviews by Parnas [1937] and Needham [1937]): 

2 phosphopyruvic acid + adenylic acid — 2 pyryvic acid + adenosine-triphosphoric acid (1), 


Adenosine-triphosphoric acid + 2 creatine = adenylic acid + 2 phosphocreatine (2). 


The sum of reactions (1) and (2) gives: 
Phosphopyruvic acid + creatine — pyruvic acid + phosphocreatine (3). 


By studying the dephosphorylation of phosphoarginine in crab and octopus 
muscle, Lohmann [1935; 1936] obtained evidence for the occurrence of the 
following reaction: 


Adenosine-triphosphoric acid + arginine = adenosine-diphosphoric acid + phosphoarginine (4). 


Phosphoarginine was not dephosphorylated by adenylic acid. 

These findings made likely the occurrence of the following reaction (5), in 
invertebrate muscle, in the place of reaction (1): 

Phosphopyruvie acid + adenosine-diphosphoric acid — pyruvic acid + adenosine-triphosphoric 


acid (5). 


If adenylic acid could not be phosphorylated by phosphopyruvic acid, its 
ineffectiveness in activating the synthesis of phosphoarginine would be under- 
standable. This point, however, had not been hitherto investigated although 
Lohmann [1936] adduced indirect evidence to show that phosphorylation of 
adenylic acid may occur in octopus muscle. This is able to dephosphorylate 
phosphopyruvic acid in presence of adenylic acid, a reaction which requires 
preliminary phosphorylation of the latter with subsequent breakdown of the 
adenosine-polyphosphate by the specific phosphatase. 

I have now found, working with lobster muscle, that although phospho- 
pyruvic acid readily phosphorylates adenylic acid in the absence of arginine, 
this is not the case when the latter is present. 

The phosphorylations of cozymase and alkali-inactivated cozymase have also 
been studied. It has been found that manganese can replace magnesium in the 
transfer of phosphate from phosphopyruviec acid to arginine as observed by 
Ohlmeyer & Ochoa [1937] for the transfer of phosphate to glucose in yeast. 

1 Ray Lankester Investigator. 


( 237 ) 











238 S. OCHOA 


MetHops 


Acetone powder preparations from the tail muscle of the common lobster (Homarus vulgaris) 
have been used. These were obtained, according to Meyerhof & Kiessling [1935], from distilled 
water extracts (4 parts water to 3 parts muscle). The acetone powders have, among others, the 
advantage of being practically free from adenosine-polyphosphatase, so that no significant 
liberation of inorganic phosphate took place in these experiments. Extracts were prepared from 
the acetone powder by dissolving it in distilled water (40 mg./ml.). The extracts were dialysed 
at 0° in collodion tubes against distilled water, usually for 13-16 hr. 

For the experiments on the synthesis of phosphagen, 0-8 ml. samples of the dialysed extract 
were made up, with additions, to 2 ml. and incubated for 15 min. at 30°. For those on the phos- 
phorylation of adenylic acid and cozymase, 1-7 ml. samples of the dialysed extract were made up 
to 3 ml. and incubated for 5 min. at 30°. The additions included phosphate buffer pH 6-8 (final 
concentration M/150) and, occasionally, NaHCO,. After incubation the samples were depro- 
teinized with trichloroacetic acid and the phosphate fractions determined in the filtrates as 
described by Lehmann [1935] and Lohmann [1936]. 

I am indebted to Prof. O. Meyerhof for kindly supplying adenosine-diphosphate and triphos- 
phate and Kiessling’s synthetic phosphopyruvic acid, to Dr P. Ohlmeyer for a supply of pure 
cozymase. 

Since adenosine diphosphate, adenosine-triphosphate and cozymase contain adenylic acid in 
their molecules, the amounts of these substances are expressed throughout in mg. P,O, of their 


adenylic acid equivalent. 


Transfer of phosphate from phosphopyruvic acid to arginine 


While Lehmann [1935], in comparing the activities of adenylic acid and 
adenosine triphosphate, only tried equivalent amounts of these compounds, it 
has been found here that the former compound, at a concentration 60 times 
higher, is still less effective than the latter (see Table I). In view of the findings 
of Ohlmeyer & Ochoa [1937] on the influence of metallic ions on the transfer of 
phosphate from phosphopyruvic acid to glucose in yeast maceration juice, 
Mn‘* (as MnSO,) has been added in some cases or else the Na’, used for neutra- 
lization and buffering, has been substituted by NH,’, with no significant differ- 
ences. The experiment of Table I was performed with an extract dialysed for 
15 hr. Each sample had, besides phosphate, 0-1 mg. Mg’’ (as MgCl,), 1-7 mg. 
phosphopyruvate P,O, and 14 mg. neutralized arginine. As alkaline cations 


Table I. Transfer of phosphate from phosphopyruvic acid to 
arginine in lobster muscle extract 
Incubation 15 min. at 30 
mg. adenylic acid equivalent 


PO; added 


—_———— mg. phospho- 





Alkaline --—— 


cation Adenosine Adenylic mg. Mn arginine P,O; 
besides K° triphosphate acid added synthesized 
Na’ a — 0-03 
Na’ 0-02 — ss 1-30 
Na’ 0-02 — 0-06 1-31 
Na’ _ 0-30 --- 0-02 
Na’ - 0-30 0-06 0-16 
NH, — - _— 0-09 
NH,’ 0-005 = 0-40 
NH,’ 0-01 ia 0-53 
NH, 0-015 - 1-02 
NH,’ 0-02 _ 1-32 


NH,’ _ 0-30 — 0-26 











INVERTEBRATE MUSCLE PHOSPHORYLATIONS 239 


K" (0-17 x 10-? mol.) and either Na’ (6-5 x 10-? mol.) or NH, (7 x 10-? mol.). 
The Na’ samples also had 0-13 °% bicarbonate. 

As in the transfer of phosphate from phosphopyruvic acid to glucose in 
yeast [Ohlmeyer & Ochoa, 1937], Mn** can be substituted for Mg’ in the similar 
transfer to arginine in lobster muscle extract. For this purpose an extract was 
used which was dialysed for 38 hr., changing the water at 12 hr. intervals, as 
after the ordinary dialysis period of 15 hr. enough Mg’”* is apparently present to 
allow the reaction to proceed on addition of adenosine triphosphate only. Each 
sample contained besides phosphate, 1-9 mg. phosphopyruvate P,O; and 14 mg. 
arginine, as alkali cations only K* and NH,’ in concentrations as before. 
Table II shows that the ratio of the molar concentrations of Mn’" and Mg"’ 
producing a similar effect is approximately Mn** : Mg’’=1: 2 to 1: 1 under the 
experimental conditions. 

Table II. Substitution of Mg’* by Mn’* in the transfer of phosphate from 

phosphopyruvic acid to arginine in lobster muscle extract 


Incubation 15 min. at 30° 
Adenosine triphos- 
phate added (in mg. 


adenylic acid Mg Mn mg. phospho- 

equivalent added added arginine P,O, 

P,O;) mol. x 10-6 mol. x 10-6 synthesized 
— 2 0-13 
0-02 — - 0-25 
9-02 1 — 0-50 
0-02 2 - 0-94 
0-02 ft 1-33 
0-02 6 — 1-43 
0-02 - 0-5 0-63 
0-02 — 1 0-87 
0-02 — 2 1-05 


Transfer of phosphate from phosphopyruvic acid to adenylic 
acid and cozymase 


In vertebrate muscle phosphate is readily transferred from phosphopyruvic 
acid to adenylic acid which is thereby transformed into adenosine triphosphate 
(reaction (1)). The phosphorylation of cozymase, on the other hand, is very 
limited and only some 10% of the theoretical pyrophosphate formation is 
obtained [Meyerhof & Ohlmeyer, 1937; Ohlmeyer & Ochoa, 1937]. If cozymase 
be heated with alkali the resulting products, which are inactive in oxido- 
reductions, yield a pyrophosphate fraction just as adenylic acid does. Von 
Euler has shown that, on alkaline inactivation, adenylic acid and probably 
some adenosinediphosphate are set free from, cozymase [Vestin & Euler, 1936; 
Schlenk et al. 1937]. In lobster muscle extracts cozymase is also phosphorylated 
to a very small extent, whereas adenylic acid and alkali-inactivated cozymase 
are readily phosphorylated (Table III). Provided that the acetone preparation 
is not too old and the dialysis not very long, the phosphorylation of adenylic 
acid proceeds practically quantitatively to adenosine triphosphate. In Exp. 2 
of Table III the formation of pyrophosphate clearly surpasses theory for adeno- 
sine diphosphate which would be 1-2 mg. of easily hydrolysable P,O; (formed 
1-9). There is therefore no doubt that reaction (1) can also take place in lobster 
muscle. 

Owing to the equilibrium reaction 


phosphoglyceric acid = phosphopyruvic acid 
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the disappearance of phosphopyruvic acid is always greater than could be 
accounted for by pyrophosphate formation, the rest being converted into phos- 
phoglyceric acid. Inorganic phosphate is not liberated. 

The experiments of Table III were performed with extracts dialysed for 
16 hr. (Exp. 1) and 14 hr. (Exp. 2). Each sample contained phosphate, Mg 
(0-1 mg.), phosphopyruvate and the additions indicated in the table. Alkali 
cations K" and Na’. 


Table III. Transfer of phosphate from phosphopyruvic acid to adenylic acid, 
cozymase and alkali-inactivated cozymase in lobster muscle extract 


Incubation at 30° 


mg. phos- mg. pyro- 
Nucleotide added (1-2 mg. adenylic phopyruvate phosphate 
No. Min. acid equivalent P,O;) P.O; P.O; 
1 0 — 2-60 0-00 
5 Adenylic acid 1-01 1-06 
5 Cozymase 1-64 0-17 
5 Alkali-inactivated cozymase 1* 1-18 1-27 
5 Alkali-inactivated cozymase 1+ 1-1] 0-91 
2 0 — 2-50 0-00 
5 Adenylic acid 0-18 1-90 
* 5 min. 100° in 0-05 N NaOH. + 6 min. 100° in 0-06 N NaOH. 


The ineffectiveness of adenylic acid and the effectiveness of adenosine- 
diphosphate and adenosine-triphosphate in the transfer of phosphate to arginine 
in invertebrate muscle provides a reliable method of testing the liberation even 
of very small amounts of adenosine-diphosphate on alkaline hydrolysis of cozy- 
mase. If a sample of the hydrolysate proves effective in activating the transfer 
of phosphate to arginine, adenosine diphosphate must have been set free since 
adenylic acid and cozymase are themselves inactive. That such is the case, thus 
confirming von Euler’s results, is shown in Table IV. Besides the two samples 
of alkali-inactivated cozymase, adenylic acid, adenosine-diphosphate and 
cozymase itself have been tested for comparison. The extract was dialysed for 
15 hr. Each sample contained phosphate, 0-13 °% NaHCO,, 0-1 mg. Mg, 1-7 mg. 
phosphopyruvate P,O, and 14 mg. arginine. 

Table IV. Transfer of phosphate from phosphopyruvic acid to arginine with 
adenosine-diphosphate, cozymase and alkali-inactivated cozymase in lobster 


MUSCLE EXTTAC . = . 
uscl tract Incubation 15 min. at 30° 


Nucleotide added (in mg. adenylic acid equivalent P,O;) 





Alkali- 

Adenosine inactivated mg. phospho- 
triphos- Adenosine Adenylic cozymase arginine P,O; 
phate diphosphate acid Cozymase (No.) synthesized 

— = — — — 0-05 
0-02 — — — — 1-37 
“= 0-02 — — — 0-93 
— 0-04 — — — 1-36 
— ~- 0-4 — — 0-16 
_— — — 0-4 — 0-08 
“= a oe a 0-4 (1) 1-23 

= = za 0-4 (2) 0-40 


Whilst both samples of alkali-inactivated cozymase showed a good phosphate 
uptake (Table ITI) sample 2 has practically no effect on the arginine-phosphate 
synthesis. The phosphate acceptor must have been mainly adenylic acid. 
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Sample 1, however, has a marked effect, 0-4 mg. adenylic acid equivalent P,O, 
being approximately as effective as 0-04 mg. adenosine-diphosphate. The milder 
alkaline hydrolysis would thus have set free some 10°, of the theoretical yield 
of adenosine-diphosphate. 

The fact that adenylic acid is readily phosphorylated by phosphopyruvic 
acid in lobster muscle extract makes it difficult to see why, when arginine is 
present, no synthesis of phosphoarginine takes place. If, after phosphorylation, 
part of the sample be heated at 100° for 2 min., cooled and centrifuged, the 
resulting solution proves quite effective in activating the synthesis of phos- 
phoarginine, which makes it very likely that the easily hydrolysable phosphate 
formed is linked as adenosine-polyphosphate. The same experiment can be per- 
formed in a different way which, in fact, gives the explanation for the inactivity 
of adenylic acid. If adenylic acid be incubated with phosphopyruvic acid and 
lobster muscle extract for 5 min. and arginine then added, a good synthesis 
of phosphoarginine takes place on incubating for a further 15 min. in the usual 
way. The following typical example may be quoted. 0-04 mg. adenylic acid 
P,O; was incubated at 30° with 0-8 ml. of dialysed lobster muscle extract and 
0-2 mg. phosphopyruvate P,O,. The sample contained, as usual, phosphate and 
Mg (0-1 mg.). After 5 min., 14mg. arginine, 2 mg. phosphopyruvate and 
NaHCO, to make 0-13 % concentration were added and incubated for a further 
15 min. The synthesis of phosphoarginine was 0-23 mg. P,O,; in a blank sample 
which contained no adenylic acid and 1-33 mg. P,O; in the sample which con- 
tained adenylic acid. 

The data here presented suggest that phosphate is not transferred from 
phosphopyruvic acid to adenylic acid, in lobster muscle extract, in presence of 
arginine and this accounts for the inactivity of the nucleotide when all the three 
are added together. Under these conditions, therefore, and probably in the 
normal muscle, reaction (5), but not reaction (1), would take place. The 
combination of reactions (4) and (5) would give here the equation of the 
synthesis of phosphoarginine from phosphopyruvic acid and arginine: 


phosphopyruviec acid + arginine > pyruvic acid + phosphoarginine. 


Some experiments have also been performed with fish muscle. Acetone powders from the 
dorsal muscle of the ray (Raia clavata) were used. Phosphate is readily transferred from phos- 
phopyruvic to adenylic acid but only to a very slight extent to cozymase. The transfer of phosphate 
from phosphopyruvic acid to creatine is also easily obtained. As in other vertebrates, adenylic 
acid is effective in this reaction although less so than adenosine triphosphate. It is interesting that 
the activity of adenylic acid does not seem to be limited to the transfer of phosphate from phos- 
phopyruvic acid to creatine in vertebrate muscle. Baldwin & Needham [1937] have found it to 
be active in the transfer of phosphate to the two guanidine bases in echinoid jaw muscle and to 
arginine in holothurian muscle. 

In agreement with previous findings as to the specificity of the enzymes catalysing the esterifi- 
cation of arginine and creatine in muscle extracts from invertebrates and vertebrates, it has been 
found that creatine is not esterified by lobster muscle extracts nor is arginine by those from ray 
muscle. 


SUMMARY 


In extracts of lobster muscle adenylic acid does not activate the transfer of 
phosphate from phosphopyruvic acid to arginine although it can be readily 
phosphorylated in absence of the latter. Alkali-inactivated cozymase is also 
easily phosphorylated but cozymase only to very small extent. It is suggested 
that the presence of arginine inhibits the phosphorylation of adenylic acid. 

16 
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In the transfer of phosphate from phosphopyruvic acid to arginine manganese 
can be substituted for magnesium. 


I am indebted to Dr S. Kemp, Dr W. R. G. Atkins and the staff of the 
Marine Laboratory for their kind hospitality and interest, to Mrs C. G. Ochoa 
for her assistance in the preparation of the extracts. 
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It was shown by Quastel ef al. [1936] that when brain cortex slices are allowed 
to respire in a medium containing eserine a substance having the chemical and 
pharmacological properties of a choline ester is formed and diffuses into the 
medium. That the substance is acetylcholine is made almost certain by the 
subsequent isolation by Stedman & Stedman [1937] of acetylcholine as the 
chloroaurate from minced ox brain. It is proposed, therefore, from now on to 
refer to the substance in question as acetylcholine. 

Quastel et al. showed that the rate of formation of acetylcholine by brain 
cortex slices depends greatly on the metabolic conditions of the tissue. It is 
greatest in the presence of glucose and of oxygen. Under anaerobic conditions ~ 
there is no accumulation of acetylcholine; all that is produced may be shown 
to be preformed in the tissue slices. The absorption of oxygen by the tissue is 
not in itself sufficient to bring about synthesis of acetylcholine, for respiration in 
presence of sodium succinate fails to increase the acetylcholine formation. 
Respiration only in the presence of substances important in carbohydrate meta- 
bolism, such as glucose, sodium lactate, sodium pyruvate, results in a large 
increase in the yield of acetylcholine by brain tissue slices. Addition of acetate 
ions is without effect on the acetylcholine synthesis. 

In the absence of eserine no acetylcholine formation can be detected. This is 
clearly due to the very active choline esterase present in brain tissue. Calcu- 
lations show that 1 g. (wet wt.) rat brain cortex will break down 28 mg. acetyl- 
choline chloride in 1 hr. at 38-4° ; guinea-pig brain cortex has a similar activity. The 
eserine added to tissue slices must be sufficient to inactivate the choline esterase. 

Neither kidney, liver, spleen nor testis tissue slices have any measurable 
activity in forming acetylcholine under conditions most favourable for its pro- 
duction from brain. Rat diaphragm has about one-third the activity of rat brain. 

This investigation took on a new aspect when we discovered that there 
exists in brain a substance, not pharmacologically active so far as the eserinized 
leech preparation is concerned, which breaks down under a variety of conditions to 
form acetylcholine. It is with the consequences of this fin jing that the present 
communication is concerned. 

Technique 

Ystimation of acetylcholine. Acetylcholine was estimated by measuring the 
contraction of the eserinized longitudinal muscle from the dorsum of a leech as 
recorded on a slowly revolving smoked drum. The contraction was compared 
with those caused by known quantities of acetylcholine chloride. Results are 
given in terms of acetylcholine chloride per g. wet wt. of tissue. Details of the 
estimation are given by Quastel et al. [1936]. 

‘ i The substance of this paper was communicated to the Physiological Society on 11 December, 
937. 
( 243 ) 16—2 
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Preparation and examination of brain tissue. The brain was removed from 
the animal (rat, guinea-pig) as soon as possible after death. It was then minced, 
or otherwise prepared, as described later and known quantities were placed in 
manometric vessels of the Warburg respiratory apparatus, containing phosphate- 
Locke media. The vessels were filled with O, and estimations of the O, con- 
sumption were as usual. The experimental period varied from 1 to 3 hr. at 37°, 
after which the material in the manometric vessel was tested for its acetyl- 
choline activity. 

Media. Solutions were made up to have an osmotic pressure approximately 
equal to 0-16 M NaCl. The final volume of the medium was made up to 3-0 ml. 
with 0-16 M NaCl after all other desired substances had been added. The pH 
was maintained at 7-4 except where otherwise stated in all experiments to be 
reported. The phosphate-Locke medium which was generally used was composed 
as follows: NaCl, 0-13 M@; KCl, 0-002 M; CaCl,, 0-001 M; sodium phosphate 
buffer pH 7-4, 0-03 M. To this was added glucose when occasion demanded. 
All acids were employed as neutral Na salts. 

Eserine sulphate (0-2 ml. 1 in 400) was added to the medium in the mano- 
metric vessel usually either at the commencement or at the termination of the 
experiment; it was placed in the side-tube of the vessel and tipped into the 
vessel at an appropriate time. 


Demonstration of a combined form of, or a precursor of, acetylcholine 
\ in fresh brain tissue 


If fresh brain be well minced and ground with water, eserine added and the 
mixture kept at room temperature or at 0° for an hour the centrifugate shows 
acetylcholine activity. This represents the free acetylcholine present. If the 
mixture, however, after an hour, or immediately after addition of eserine to the 
tissue, be shaken with chloroform and kept at room temperature for 30 min. 
the amount of free acetylcholine present is greatly increased [cf. Stedman & 
Stedman, 1937]. The experime ntal procedure is to shake vigorously 5 ml. of the 
suspension of brain tissue with 0-2 ml. chloroform, keep the mixture at room 
temperature for 30 min., remove chloroform! by distillation in vacuo, make up 
the volume to the original 5 ml. and centrifuge. The centrifugate is now examined 
for acetylcholine activity. 

Some typical results are shown in Table I, where notes on the experimental 
procedure are recorded. It will be seen from Exp. 1 that the effect of chloroform 
treatment on a suspension of macerated guinea-pig brain tissue in water con- 
taining eserine at 18° is to raise the content of free acetylcholine from 0-6 to 
2-1y per g. wet wt. of tissue. It is worth recalling in this connexion that Kwiat- 
kowski [1935] gives 0-6-2-3y for the amount of acetylcholine in 1 g. guinea-pig 
brain. It is clear from Exp. 1 that chloroform exercises its effect rapidly at room 
temperature. Exp. 2 shows that the effect of chloroform treatment of fresh brain 
tissue at 18° is greater the sooner the tissue is mixed with the chloroform. This 
must mean that the substance liberating acetylcholine after treatment with 
chloroform is unstable at 18°. This fact will be considered again later. Exp. 3 
shows the effect of immediate treatment with chloroform at room temperature on 
brain macerated with eserine water, a value of 4 y/g. acetylcholine being obtained. 

The action of chloroform is clearly demonstrated if the brain tissue suspension 
is kept at 0° before it is shaken with chloroform. This is seen in Exp. 4. Ox and 


! Chloroform must be removed as traces of it interfere with the activity of an eserinized leech 


preparation. 


ee 








— 
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Tt 
Table I hotel 
choline 
chloride 
Species found 
Exp. of brain Treatment y/g. 
1 Guinea-pig Ground with 10 vol. water at room temperature (18°). 


Divided into a number of equal parts (approx. 5 ml.): 
(A) One part treated with eserine and left at 18° for 
90 min. Centrifuged and acetylcholine estimated ... 0-6 
(B) Second part treated with eserine and left at 18° for 
90 min. Then shaken with 0-2 ml. chloroform. Chloro- 
form removed, suspension centrifuged and acetyl- 
choline estimated uae wae ve <a ‘aes 2-1 
3 Guinea-pig Ground with 10 vol. water containing eserine sulphate 
(1/4000) at room temperature. Divided into equal parts: 
(A) One part left at room temperature (18°) for 1 hr. and 
then treated with chloroform at room temperature for 
90 min. Acetylcholine estimated in centrifugate after 


chloroform removal _... nad sae Se sa 1-8 
(B) Second part treated at once with chloroform at room 
temperature for 90 min. “ae das i er 3-0 
3 Guinea-pig Ground with 10 vol. water containing eserine sulphate 
(1/4000) at room temperature. Divided into equal parts: 
(A) One part left at room temperature for 90 min. eae 2-0 
(B) Second part treated at once with chloroform and left 
at room temperature for 90 min. see eee ose 4-0 
4 Guinea-pig Ground with 10 vol. ice-cold water and divided into equal 
parts: 
(A) Eserine added at once to one part and left at 0° for 
60 min. Treated with chloroform and left at room 
temperature for further 90 min. Chloroform then 
removed mee ae we ons a aes 4-0 
(B) Eserine added at once to second part and left at 0° 
for 60 min. Then placed at room temperature for 
further 90 min. ... ae aa das a <ad <1-0 
5 Ox Ground with equal vol. of saline containing eserine sulphate 
(1/4000) at room temperature and divided into equal parts: 
(A) One part left at room temperature for 90 min. ‘as 1-0 
(B) Second part treated at once with chloroform and left 
at room temperature for 90 min sei ses ens 6-0 
6 Rat Minced at 0°, well mixed with 30 vol. phosphate-Locke- 
eserine solution and divided into equal parts: 
(A) One part left at room temperature for 60 min. 1-5 
(B) Second part treated at once with chloroform and left 
at room temperature for 60 min. sas aes aaa 3-7 


rat brains show phenomena precisely similar to that with guinea-pig brain 
(Exps. 5 and 6). 

These results demonstrate that there exists in fresh brain tissue a substance 
which when shaken at room temperature with chloroform liberates. acetyl- 
choline. This substance is itself, as repeated experiments have shown, pharma- 
cologically inactive so far as the eserinized leech preparation is concerned. It 
seemed possible that the chloroform might act by destroying the brain cells and 
allowing freer diffusion of acetylcholine contained in the cells into the outer 
medium. This possibility was shown to be incorrect by the facts: 
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(a) Long standing of eserinized brain tissue at 0° or at room temperature 
does not result in the acetylcholine content of the medium reaching the value 
which is obtained after chloroform treatment. 

(b) The effect of chloroform is apparently greater when it is shaken with an 
eserinized brain suspension soon after the preparation of the latter than when it 
is shaken with a preparation which has stood for an hour at room temperature 
(Exp. 2, Table I). 

(c) Minced brain tissue kept at room temperature or at 37° for 1 hr. in the 
absence of eserine still shows acetylcholine formation after treatment with 
chloroform (Exps. 1 and 2, Table II). Free acetylcholine in the tissue would 
have been destroyed under these conditions by the choline esterase present. 

It is obvious from the appearance of the brain suspension after chloroform 
treatment that denaturation or coagulation of the tissue proteins has taken 
place. The experiment gives rise to the impression that there is a definite 
association between the denaturation of tissue protein and the liberation of 
acetylcholine and it seems a reasonable view that the acetylcholine-precursor is 
a protein complex. 


Synthesis of acetylcholine-precursor by brain in vitro 


When minced brain respires at 37° in a glucose-phosphate medium synthesis 
of the acetylcholine-precursor, or of the combined form of acetylcholine, takes 
place. This is very clearly shown in Exp. 3, Table II. Respiration of the minced 
brain in a phosphate-Locke medium or a phosphate-Locke-glucose medium took 
place for 2 hr. at 37°, eserine being present at the start of the experiment, or in 
other experiments being added during or at the end of the experiment. At the 
termination of the experiment the 3 ml. of suspension in each manometer were 
made up to 5 ml. with eserine water, divided into two equal parts, one part kept 


Table IT 


Rat brain tissue was minced at 0°, well mixed with 3 vol. sodium phosphate buffer 0-2, 


pH 7-4, and divided into a number of equal parts. 





Acetylcholine 
chloride (y/g.) 
p Te 
Exp. Brain initially frozen before mincing : Total Free 
] (A) One part of tissue suspension mixed with NaCl-KCl-CaCl, 
solution (to give final concentration of salts quoted on p. 244) in 
Warburg manometer vessel and respiration allowed to proceed 
for 2 hr. at 37°. Eserine was added 30 min. after thermal 
equilibrium nae Bax see bas a oa os 3-0 2-4 
(B) As above but glucose (0-02 ./) added to the medium ... ia 7-2 5-0 
(C) As in (A) but eserine added at the end of the experiment (2 hr.) 1-0 0-4 
(D) As in (B) but eserine added at the end of the experiment (2 hr.) 3-6 1-2 
Brain not frozen before mincing : 
2 (A) One part of tissue suspension mixed with NaCl-KCI-CaCl, 
solution and respiration allowed to proceed as in Exp. 1 (C), 
eserine being added at the end of the experiment (2 hr.) aaa <1-0 <1-0 
(B) As in (A), but glucose 0-02 M added to the medium ... oes 76 3-0 


3 (A) One part of tissue suspension was placed in Warburg mano- 
meter vessel in phosphate-Locke medium and _ respiration 
allowed to proceed for 2 hr. at 37°. Eserine added at the com- 
mencement of the experiment... re aes ae 2-9 1-0 


(B) As in (A) but glucose 0-02 M added to the medium... one 23-0 11-5 














a 
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at room temperature for 30 min. and the other treated with chloroform and then 
kept at room temperature for 30 min. After removal of the chloroform the sus- 
pensions were centrifuged and the acetylcholine contents of the centrifugates 
estimated. The value obtained after treatment with chloroform gives the “total” 
acetylcholine and the value obtained where no chloroform was added gives the 
“free” acetylcholine (Table IT). 

It will be noted from Exp. 3 (A), Table II, that the values of acetylcholine 
obtained after incubation at 37° in absence of glucose are rather lower than 
those obtained from fresh brain tissue which has not been incubated at 37° (see 
Exp. 6, Table I). In presence of glucose, however, the ‘‘total’’ acetylcholine is 
greatly increased, a value of 23-0 y/g. being recorded (Exp. 3 (B), Table IT). 

This can only mean that the complex which breaks down to acetylcholine is 
synthesized in vitro in presence of glucose, the values obtained after incubation in 
a phosphate-Locke-substrate-free medium being simply the values of the remain- 
ing initial or preformed acetylcholine! complex in the tissue. Moreover, the result 
shows that the complex can be synthesized when eserine is present in the medium. 

It may now be demonstrated that the acetylcholine-precursor can be 
synthesized in absence of added eserine. This is shown by Exps. 1 and 2, 
Table Il. In Exp 1 (C) and (D) and in Exp. 2 eserine was added at the end of 
the experiment, i.e. after 2 hr. respiration at 37°. The suspensions were then 
analysed for “total” and “free” acetylcholine by the method described 
earlier. It will be observed that in both experiments the presence of glucose 
has considerably increased the “‘total’’ acetylcholine. Synthesis of the pre- 
cursor obviously occurs in the absence of eserine. It will be noted that 
the amount of synthesis recorded in Exp. 2, Table II, is considerably 
greater than that shown in Exp. 1. The value given in Exp. 2 is the one usually 
found; that in Exp. 1 is low for a reason which will be given later. 

Considering the very great choline esterase activity of fresh brain it is 
astonishing that free acetylcholine can be found in brain tissue after incubation 
for 2 hr. at 37° in absence of eserine. In this time and at this temperature 1g. 
rat brain can break down over 50 mg. acetylcholine. The only reasonable inter- 
pretation of the formation of acetylcholine, under the experimental conditions 
quoted, is that a precursor of acetylcholine, not attacked by choline esterase, 
is first formed and that this is comparatively stable under the optimal respiratory 
conditions obtaining in the presence of glucose and oxygen. 

If acetylcholine were first formed and this then combined with a tissue 
constituent to form the ‘‘acetylcholine-precursor”’ a high rate of acetylcholine 
synthesis would be necessary to compensate for the hydrolytic activity of choline 
esterase and enable synthesis of the precursor to take place. A sufficiently high 
rate of synthesis of free acetylcholine, in the presence of eserine, has never been 
observed in our experiments. Again it will be shown that the effect of added 
acetylcholine on the synthesis of the “‘precursor”’ in brain tissue is not nearly 
so great as that of added glucose (see Exp. 6, Table XIV). These observations 
make it clear that acetylcholine cannot be first formed. The comparative 
stability of the precursor is shown by the fact that in the presence of eserine 
free acetylcholine does not rapidly accumulate. Eserine, it should be pointed 
out, does not inhibit appreciably the breakdown of acetylcholine-precursor to 
free acetylcholine (see Table X). 

The view that an acetylcholine-precursor is first synthesized by brain tissue 
under optimal respiratory conditions, and that this is comparatively stable 

1 This statement must be qualified by the fact that fresh brain contains a little glucose which 
may cause some synthesis according to its final concentration in the experimental medium. 
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under these conditions not only explains the facts given so far, but also explains 
why, considering the intense choline esterase activity of brain, any acetylcholine 
can be found at all in extracts of fresh brain tissue. 


Some properties of acetylcholine-precursor' 


1. Acetylcholine-precursor breaks down to acetylcholine under acid conditions. 
On bringing fresh brain tissue, or tissue which has been incubated in a phosphate- 
glucose medium in presence of O,, to pH 3-0 and leaving the tissue at this 
reaction at room temperature for 30 min. the acetylcholine-precursor is broken 
down to acetylcholine. Subsequent treatment with chloroform has no further 
effect in increasing acetylcholine formation. These results may be seen in the 
typical experiments recorded in Table III or Table IV. 


Table II] 


Rat brain was chopped or minced at 0°, mixed with 2 vol. saline and divided into a number 
of equal parts. These were placed in Warburg manometer vessels in phosphate-Locke-glucose 


medium and allowed to respire in O, at 37° for 2 hr. after which eserine was added to each vessel. 


Acetyl- 
choline 
chloride 
y/g- 
(A) One part left at room temperature for 60 min. 3-4 
(B) One part treated at once with chloroform and left at room RT for 
60 min. - as 7-5 
(C) One part 7" to pH 3-0 i eitiiees of ¢ HCl, ‘left at room temperature e for 
30 min., neutralized and left for further 30 min. oa “i as oes 75 
(D) One part brought to pH 3-0 as in (C), left at room temperature for 30 min., 
neutralized, then treated with chloroform and left for further 30 min. : 7-5 


Table IV 


Guinea-pig brain was chopped and minced with 2 vol. water, added in Warburg manometer 
vessels to a phosphate-Locke-glucose medium and allowed to respire in O, at 37° for 2 hr., after 
which eserine was added. The mixture was cooled in ice and divided into several equal parts. 

Acetyl- 
choline 
chloride 
y/g. 
(A) One part left at room temperature for 1 hr. aoe te 1-8 
(B) One part treated with chloroform and left at room temperature for 1 hr. ... 4-2 
(C) One part was brought to pH 3-0 with HCl, left at room te von for 30 min., 


neutralized and left for further 30 min. ess ‘ ‘ P 3-9 
(D) One part was brought to pH 3-0 with trichloroacetic acid, aia after 
45 min. and left for further 15 min. ; a aad ee sae ee 4:3 


Estimation of “‘total’’ acetylcholine. Acid conditions clearly greatly in- 
crease the velocity of acetylcholine formation from the “‘precursor’’. In 
measuring “total”? acetylcholine the most convenient method now adopted is 


1 It would be convenient to give this substance a name indicating that it gives rise to acetyl- 
choline. The following names have been considered by us: cholinogen, acetylcholinogen, cholin- 
esterogen, cholylogen (since acetylcholine may also be written cholylacetate), but we feel it would 
be wiser at present to refer to the substance as acetylcholine-precursor on the understanding that 
this does not refer also to the substances (e.g. choline) which may give rise to the ‘‘ precursor” 


itself. 
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to decrease the pH of the tissue to 3-0 with N HCl, leave the suspension at 
room temperature for 30-60 min., neutralize, centrifuge and examine the 
centrifugate for acetylcholine. This method gives approximately the same results 
as chloroform treatment and is much more convenient. Treatment with tri- 
chloroacetic acid gives the same results as with HCl, but use of this reagent is 
not recommended as trichloroacetate ions appear to have a deleterious effect 
on the leech preparation. 

2. Acetylcholine-precursor is not diffusible or dialysable. The acetylcholine- 
precursor may be shown to be almost entirely in the residue obtained after 
centrifuging minced brain tissue which has respired under optimal conditions. 
Typical results are shown in Table V. 


Table V 


Rat brain 1-3 g. was minced, mixed with 2 vol. saline and allowed to respire in a phosphate- 
Locke-glucose medium for 2 hr. at 37°, after which eserine was added. The total volume (12 ml.) 
was made up to 24 ml. with ice-cold eserine water and centrifuged. 


Residue made up to 24 ml. with eserine Centrifugate (2-9 y/g.) 
! 


saline (1-7 y/g.) 
| 


Brought to pH 3-0 (7-2 y/g.) Brought to pH 3-0 (3-2 y/g.) 


The centrifugate shows an acetylcholine activity which is scarcely increased 
by acid treatment. The residue, on the other hand, shows a small free acetyl- 
choline activity which is greatly increased by acid treatment. This and other 
experiments leave no doubt that the “‘precursor”’ is either not water-soluble or 
that it adheres strongly to the tissue debris. All attempts to separate it by dialysis 
through a cellophane membrane have so far failed. 

3. Acetylcholine-precursor is stable at 0° but unstable at higher temperatures. If 
brain tissue containing acetylcholine-precursor is kept at 0° for 1 hr. there is 
no fall in “‘total”’ acetylcholine (see Table VI), showing that the precursor is 
relatively stable at this temperature. On keeping the tissue for 1 hr. at 18° 
there is a considerable fall in the amount of ‘‘ precursor’’. This is probably partly 
due to formation of acetylcholine which is hydrolysed by choline esterase 
present. There is a further fall if the tissue is kept for 1 hr. at 37° (Table VII). 
No glucose was added to the tissue in these experiments, and the respiration 
of the tissue was feeble or negligible. 

Now though there is a fall in the amount of acetylcholine-precursor at 37°, 
in the absence of glucose, there is no corresponding increase in free acetylcholine 
(Table VII) and it is obvious that this breakdown is of a different type from that 
giving rise to acetylcholine. A possible explanation of this phenomenon will be 
given later. 

Reference may be made at this point to the experiments of Corteggiani 
[1937] who has found that there is a complex in brain tissue which on heating 
to 70° for 3 min. gives rise to free acetylcholine. Probably the complex in 
question is identical with our acetylcholine precursor. It is to be expected that 
if denaturation of the tissue, as produced by chloroform, releases acetylcholine 
from the precursor, denaturation accomplished by heat treatment will have a 
similar effect. Doubtless the action of alcohol or of acid alcohol in liberating free 
acetylcholine, described recently by Loewi [1937], is also due to a denaturing 
effect on the tissue proteins. , a ye 
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Table VI 


Guinea-pig brain was minced at 0°, mixed with 10 vol. ice-cold water, and divided into a 
number of equal parts. . 
f equal parts Acetylcholine 

chloride (y/g.) 








Te \ 
Total Free 
(A) One part kept at 0° for 5 min., eserine added and kept at 0° for 
60 min. ... eee ses ner asa oe eae nad sag 4-0 <1-0 
(B) One part kept at 0° for 60 min., eserine then added aes nae 4-0 <1-0 
(C) One part kept at room temperature (18°) for 60 min., eserine then 
added i re 2-0 <1-0 





Tn 7 

Table VII 

Guinea-pig brain was minced with 10 vol. water, and divided into a number of equal parts. 
Acetylcholine 


chloride (y/g.) 
A. 





-—— - 
Total Free 

(A) One part kept at room temperature (18°) in presence of eserine for 
60 min. So ae ne ae ey sss wea on ate 2-1 0-6 
(B) One part kept at 37° in presence of eserine for 60 min. x4 re 0-6 0-6 


Effects of chloroform. As already stated, chloroform will accomplish its effect 
of teleasing acetylcholine from the acetylcholine-precursor simply by shaking 
with the tissue at room temperature. This occurs also at 0°. If minced brain 
tissue, however, is shaken with chloroform and kept at 37° for 90 min. there 
is little or no liberation of extra acetylcholine. Typical results are shown in 
Table VIII. Now it is possible that this negative, or much diminished, effect of 
chloroform at 37° may be due to destruction of the acetylcholine in presence of 
chloroform even in presence of eserine. This suggestion is definitely excluded by 
the results of the experiment given in Table [X. In this 5y acetyleholine 
chloride were added to minced brain in presence of eserine and chloroform at 
37° for 90 min. and after this period were, within the experimental error, entirely 
recovered. 

Reference can now be made to the experiments of Stedman & Stedman 
[1937] who claim that acetylcholine is synthesized on incubation of ox brain in 
presence of chloroform at 37°. It may be shown that the amount they obtained 
(1-5 mg. acetylcholine bromide per 200g. wet wt. brain=6y acetylcholine 
chloride per g. wet wt.) after incubation is the amount found on treating ox 
brain at once with chloroform and leaving at room temperature for 90 min. 
(Exp. 5, Table I). As has already been shown this represents the preformed or 
initial value of ‘‘total’ acetylcholine. Hence the acetylcholine found by the 
Stedmans, under their experimental conditions, can scarcely be regarded as due 
to synthesis in vitro; it is the product of breakdown of the acetylcholine- 
precursor present initially in the brain tissue they used. The fact that the 
Stedmans found it necessary to incubate the ox brain tissue with chloroform at 
37° to obtain the full output of acetylcholine is due, it appears to us, to the 
possibility that insufficient chloroform was added to accomplish full denaturation 
of the tissue protein at room temperature and that incubation at 37° accelerated 
this process. It is, however, just possible that in view of the large quantities of 
minced tissue (20 g.) which the Stedmans used for their incubation experiments 
there may have been sufficient glucose present already in the tissue to accomplish 
some synthesis, even with the chloroform present. 
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Table VIII 


6 g. fresh ox brain were ground with sufficient saline-eserine (1/4000) to make final volume 
12 ml. This was divided into several equal parts (2-0 ml.). 3 
Acetylcholine 
chloride (y/g.) 
(A) One part mixed with phosphate-saline-eserine and left at room tem- 
perature for 90 min. ... <a eee dee eee nee ios 1-0 


(B) One part mixed with phosphate-saline-eserine, shaken with chloroform 


and left at room temperature for 90 min. aa pe “ 6-0 
(C) One part mixed with phosphate-saline-eserine and left at 37° for 90 min. 1-0 
(D) One part mixed with phosphate-saline-eserine, shaken with chloroform 

and left at 37° for 90 min. os oe mas ees ss aes ed <1-0 


Table IX 


Guinea-pig brain was ground with 2 vol. of phosphate-saline solution and divided into several 
equal parts. . 
Acetylcholine 

chloride 


found 
(A) One part treated with eserine, 5y acetylcholine chloride added and left 
at 37° for 90 min. ine ie aaa aes ade ae ae aa 5-Oy 
(B) One part treated with eserine, 5y acetylcholine chloride added, shaken 
with chloroform and left at 37° for 90 min. Sie wes i = 5-O0y 
(C) As in (A) but no acetylcholine added er Nes oa sag ads <1-0y 
(D) As in (B) but no acetylcholine added aa SS ae das ale <1-0y 
(E) As in (B) but no eserine added SP ide te wae da ine Nil 


It is plain from Table VIII that synthesis of acetylcholine does not take 
place in the presence of chloroform under the experimental conditions cited, 
and it may be concluded that most, if not all, of the extra acetylcholine found by 
Stedman & Stedman after incubation of brain tissue with chloroform is due to 
the breakdown of the initial or preformed acetylcholine-precursor. 

Effects of various concentrations of eserine on the synthesis of acetylcholine- 
precursor. Although, as has already been shown, synthesis of acetylcholine- 
precursor takes place in absence or presence of eserine, there is as yet no in- 
formation to indicate whether the presence of eserine exercises any inhibitory 
effect on the synthesis. Experiments devised to settle this point were carried 
out with eserine present at concentrations varying from 1 in 120,000 to 1 in 1200. 
The results are cited in Table X. 


Table X 


A fresh rat brain was chopped finely, mixed with 3 vol. saline and divided into several equal 


arts. 
; Acetylcholine chloride 


y/g. 

tc OOF 

Total Free 
(A) One part was analysed immediately for free and “total 

acetylcholine after addition of eserine (1/4000) = dei 2-9 <1-0 
(B) The remaining parts were incubated in phosphate-Locke- 
glucose medium in presence of eserine at various concen- 
trations at 37° for 2 hr. They were then analysed with the 

following results: 
Eserine concentration present: 

1/120,000 20-7 11-5 

1/24,000 23-0 11:5 

1/6,000 23-6 — 


1/1,200 23-0 13-8 
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It will be seen that the amounts of ‘‘total”’ as well as of free acetylcholine 
formed as a result of synthesis in the brain tissue are not appreciably affected 
by the very wide range of variation of eserine concentrations. Had the eserine 
any inhibitory effect on the synthesis this would certainly have been detected 
at the highest concentrations of eserine used. Concentrations of eserine greater 
than 1/1200 cannot be used in these experiments in vitro owing to the fact that 
complications arise due to pigment formation from eserine as a result of oxidation 
with a concomitant fall in respiration of the brain. 

When no eserine is added at all during the entire experiment no “free” 
acetylcholine can, of course, be detected. Treatment with acid (~H 3-0) even in 
the absence of eserine does result, however, in the liberation of a little acetyl- 
choline which may be detected by the eserinized leech preparation. This result 
is clearly due to the fact that acid conditions inhibit choline esterase activity 
or render the enzyme inert. The amount of acetylcholine so produced is small 
compared with that formed by treatment with acid in presence of eserine. 

Effects of metabolites and aerobic conditions on the synthesis of acetylcholine- 
precursor. On allowing minced brain tissue to respire in the presence of various 
substrates it is immediately clear that synthesis of acetylcholine-precursor takes 
place in the presence of glucose, sodium lactate and sodium pyruvate. Typical 
results of the total acetylcholine produced will be found in Table XI. The 
“free”? acetylcholine produced is usually of the order of half the “total” 
estimated after acid treatment. Little or no synthesis of acetylcholine or its 
precursor takes place with washed minced brain in presence of the following 
sodium salts: acetate, succinate, acetoacetate, «-glycerophosphate, hexose- 
diphosphate, «-ketoglutarate under conditions where glucose produces a good 
synthesis. The presence of dl-glyceraldehyde greatly diminishes the acetyl- 
choline synthesis effected by glucose (Exp. 4, Table XI). 

With fresh brain tissue which has not been washed to free it of the meta- 
bolites still present the addition of glucose still brings about considerable 
synthesis of acetylcholine-precursor (Exp. 3, Table XI), but even under these 
optimal conditions succinate, acetate, acetoacetate, «-glycerophosphate, «-keto- 
glutarate effect no synthesis within the experimental error of estimation. Hexose- 
diphosphate has been observed under such conditions to bring about a syn- 
thesis and it is probably the fact that, in the intact unwashed tissue, factors are 
present which will convert hexosediphosphate into lactate which accounts for 
this synthesis. Using the slice technique Quastel et al. [1936] found that «- 
glycerophosphate brought about an increase in acetylcholine formation; this 
has not been observed with minced tissue. Possibly this, again, is due to the 
presence of factors in the intact slices which will convert «-glycerophosphate into 
lactate or pyruvate; such factors may become ineffective on mincing either by 
dilution or destruction. 

The main fact, however, is clear from the results recorded in Table XI that 
glucose, lactate and pyruvate give rise to a product or to conditions enabling 
synthesis of acetylcholine-precursor to take place.! 

As found with the slice technique aerobic conditions are essential for synthesis 
to take place (Exp. 1, Table XI) with minced brain. Possibly a slight synthesis 
occurs in the presence of glucose under anaerobic conditions, but the effect, if 
any, is small compared with that taking place in the presence of oxygen 

Respiration of brain and synthesis of acetylcholine-precursor. Synthesis of 
acetylcholine-precursor cannot depend merely on the presence of O, or on the 

1 It is conceivable that pyruvate itself takes part directly in the synthesis of the precursor; 
this possibility is being investigated. 
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Table XI 


A fresh rat brain was chopped finely and washed once with 20 ml. saline to remove 


diffusible metabolites. The centrifuged deposit was mixed with saline (five times the original volume 


of the rat brain) and divided into several equal parts. Each part was placed in a Warburg manometer 


vessel in presence of a phosphate-Locke-substrate-eserine medium and allowed to incubate for 


2 hr. at 37°. 


At the end of the experiment “ 


in the text. 


Substrate 


No substrate added 


Glucose 0-01 M 


Sodium pyruvate 0-01 M 


Sodium «-glycerophosphate 0-013 M 


Sodium acetate 0-01 M 
Sodium succinate 0-01 M 


Exp. 2. Similar to Exp. 


Experiments were carried out in an atmosphere of O, and in an atmosphere of N,. 
total” 


acetylcholine was determined by acid treatment, as described 


The following results were obtained. 


Total acetylcholine chloride (y/g g.) 


O, present 


N, present 


O, (anaerobic) 
absorbed - 

pl. Exp. A Exp. B 
98 1-9 2-9 

391 3-2 3-7 

409 2-1 2-9 
189 1-3 — 
95 1-3 = 

214 1-9 -= 


1, using washed rat brain and aerobic conditions. 


O, Total acetyl- 
absorbed choline chloride 
Substrate pl. g, 
No addition 71 2-8 
Sodium dl-lactate 0-01 .M 315 9-5 
Sodium pyruvate 0-01 M 335 11-4 
Sodium hexosediphosphate 0-01 M 77 2-8 
ixp. 3. Similar to Exp. 1, but using unwashed rat brain. Aerobic conditions. 
Total acetyl- 
choline chloride 

Substrate y/g. 

No addition 6-3 

Glucose 0-01 M 14-8 

Sodium succinate 0-01 M 6-3 

Sodium «-ketoglutarate 0-01 MU 6-3 

Sodium acetate 0-01 M 6-3 

Sodium «-glycerophosphate 0-01.M@ 6-3 

Sodium acetoacetate 0-01. 6-3 

Exp. 4. Similar to Exp. 1, using washed rat brain. Aerobic conditions. 
O. Total acetyl- 
absorbed choline chloride 

Substrate pl. y/g. 
No addition 109 3-5 
Glucose 0-01 M 503 15-6 
dl-Glyceraldehyde 0-01 M 112 1-6 
Glucose 0-01 M +dl-glyceraldehyde 0-01 M 158 4-7 
Sodium acetoacetate 0-01 M 209 4-7 
Sodium «-glycerophosphate 0-01 _M 215 2-9 
Sodium hexosediphosphate 0-01 M 153 3°5 


uptake of O, by the brain tissue. Thus no synthesis takes place when brain tissue 
is allowed to respire in presence of sodium succinate although there is a definite 
O, uptake (Exp. 1, Table XI). Yet it is clear that when synthesis does occur it 
takes place in presence of those substances which secure optimal respiratory rates 
for brain tissue (glucose, lactate, pyruvate). This may mean that synthesis 
depends on the absorption of energy supplied by oxidative reactions taking 
place during the combustion of glucose, lactate or pyruvate, or it may mean 
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that these substances supply a specific metabolite necessary for synthesis to 
occur. Our data are as yet insufficient to decide between the two possibilities 
and the question must therefore be left open at present. 

It is, however, worth considering that, anaerobically, in presence of glucose 
when extensive breakdown of glucose to lactic acid takes place with considerable 
energy yield little or no synthesis of acetylcholine takes place either with brain 
slices [Quastel e¢ al. 1936] or with minced tissue. It seems more likely that some 
specific product of oxidation of glucose, lactate or pyruvate is directly concerned 
with the synthesis of the acetylcholine-precursor. 

The presence of dl-glyceraldehyde greatly diminishes the synthesis of acetyl- 
choline-precursor by brain tissue in a glucose medium and this must be correlated 
with the fact that dl- glyceraldehyde diminishes the respiration of brain in 
presence of glucose (Exp. 4, Table XI). Incubation of brain tissue with dl- 
glyceralde hyde i in the absence of glucose does not result in any extra production 
of acetyle holine (Exp. 4, Table XI). 

The presence of sodium fluoride (0-02) also diminishes the synthesis of 
acetylcholine-precursor by minced rat brain tissue in a glucose medium, a 
normal value of ‘‘total” acetylcholine of 11 y/g. being reduced in presence of the 
fluoride to 5 y/g. It was previously reported [Quastel e¢ al. 1936] that fluoride 
(0-01) does not diminish the free acetylcholine formation by rat brain cortex 
slices in a glucose medium. The latter fact has been confirmed and the dis- 
crepancy between the results obtained with minced tissue and with brain slices 
is now under investigation. 


Dependence of acetylcholine-precursor synthesis on the condition of brain tissue. 
Generally speaking it has been found that any treatment of brain tissue which 
results in a greatly lowered respiration of the tissue in presence of glucose also 
results in a diminished rate of synthesis of acetylcholine-precursor. Thus it will 
be seen from Table XII that the effect of freezing brain tissue reduces greatly 


Table XII 


A fresh rat brain was divided into two equal parts. One part was ground at 0° with a phosphate 
buffer solution, the other part was frozen in an ice-salt mixture and ground with phosphate 
buffer solution whilst frozen. Each part was then examined in the Warburg apparatus, respiration 
with and without glucose being allowed to take place for 2 hr. at 37°. Eserine was then added 
and the contents of the vessel examined for free and total acetylcholine. 


O, Acetylcholine chloride (vig g.) 
uptake oo —*E 
pl. Total Free 
(A) Frozen tissue 33 1-2 <1-0 
Frozen tissue + glucose 0-02 MV 28 <1-0 <1-0 
(B) Tissue ground at 0 470 3-5 2:5 
Tissue ground at 0° and glucose 0-02 645 8-0 4:5 


its respiratory activity in presence of glucose and at the same time causes 
cessation of acetylcholine synthesis. The same phenomenon will be seen on 
comparing Exps. | and 2, Table II. 

Vigorous washing of brain tissue not only removes metabolites such as 


glucose or lactate, but removes factors necessary for the respiratory activity of 


the tissue [Quastel & Wheatley, 1934]. At the same time it is found that the 
ability to synthesize the acetylcholine-precursor is also lessened. Thus a fresh 
unwashed minced rat brain gave a total yield of 20-7 y/g. acetylcholine chloride 
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when incubated in a phosphate-Locke-glucose-eserine medium, whereas a fresh 
minced rat brain washed (by centrifuging) with four lots of 20 ml. saline gave a 
total yield of 3 y/g. when examined under the same conditions. Hence, save 
when required for exceptional purposes, brain tissue should not be washed more 
than once with a small quantity of saline in order to obtain a good respiratory 
rate and a good synthesis of acetylcholine. Experiments have not been carried 
out so far in this work with the slice technique. On comparing, however, the 
viclds of acetylcholine found by Quastel et al. [1936] by rat brain cortex slices 
under the most favourable conditions, it will be seen that they compare well with 
the yields of “‘total”’ acetylcholine found by the present technique. Thus it was 
found that a typical rate of acetylcholine chloride formation in a phosphate- 
glucose-eserine medium was 4-0 y per 100 mg. dry weight of tissue per hour. 
This is equivalent to 16-0 y acetylcholine chloride per g. wet wt. per 2 hr. This, 
however, is only the “‘free”’ acetylcholine found in the medium after removal of 
tissue slices and does not include the amount in the acetylcholine-precursor still 
contained in the tissue slices. Hence the yields of ‘‘total”’ acetylcholine by brain 
cortex slices when examined under optimal conditions must exceed those formed 
with minced whole brain tissue examined under similar conditions. 

Reference may be made again, at this juncture, to the effects of chloroform. 
This substance in common with other narcotics depresses the respiration of 
brain. It is found also that incubation of minced brain in a phosphate-glucose- 
eserine medium in presence of chloroform diminishes the acetylcholine-precursor 
synthesis (see Table XIII). 
Table XIII 

4 g. fresh ox brain were minced, mixed with 3 vol. saline containing eserine (1/4000) and the 
suspension was divided into several equal parts. Total 
acetylcholine 
chloride 


y/g. 

(A) One part incubated in a phosphate-glucose-Locke medium (3 ml.) for 
2 hr. at 37 ewe ia ave ase Sas jaa san re cas 45 

(B) One part incubated in a phosphate-glucose-Locke medium (3 ml.) con- 
taining 0-2 ml. chloroform for 2 hr. at 37°... ec ve ies aes 1-6 


Effects of addition of choline! or acetylcholine! on the synthesis of acetylcholine- 
precursor. The presence of choline increases the rate of formation of acetyl- 
choline-precursor. This is specially marked with brain tissue which has been 
washed vigorously to free it as far as possible of choline originally present. The 
effect is small in the absence of glucose from the medium but is markedly 
increased when glucose is present. These results are to be seen in the typical 
Exps. 1,3 and 8, Table XIV. Moreover, the accelerating action of choline is to be 
observed both in the absence and in the presence of eserine, Exp. 2, Table XIV. 
When using choline, control experiments were at first carried out to determine 
the effect of the choline present on the leech preparation, but later the sus- 
pensions of tissue, at the end of the experiments were centrifuged, the centri- 
fugates containing the free choline discarded and analyses made on the deposits. 
The latter were suspended in eserine saline and “‘total’’ and free acetylcholine 
estimated. The fact that such deposits show the presence of “‘free’’ acetylcholine 
indicates that the acetylcholine-precursor breaks down partly to acetylcholine 
at room temperature in the presence of eserine (see also Table VI). 

The addition of choline alone never secures a synthesis of acetylcholine-precur- 
sor greater than that found with fresh brain examined under optimal respiratory 


1 These substances were added to the tissue as their chlorides. 
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conditions. Considering that choline is a normal constituent of brain tissue it 
follows from these experiments that choline must be at least one factor in the 
building up of the acetylcholine-precursor. 

When acetylcholine is added to minced brain tissue in absence of eserine an 
increase in acetylcholine-precursor may be observed (Exps. 5, 7 and 8, Table XIV) 
but its effects can be interpreted as due to the choline produced by hydrolysis of 
the ester by choline esterase. Its effect is not greater than that of an equivalent 
quantity of choline. 





Table XIV 


Exp. 1. Rat brain was minced and washed several times to remove metabolites including 
choline as far as possible. The suspension was divided into several equal parts, which were placed 
in Warburg manometer vessels in an appropriate medium containing eserine and respiration was 
allowed to take place for 2 hr. at 37°. They were finally examined for free and “‘total”’ acetyl- 


choline. The volume in each vessel was 3 ml. Acetylcholine chloride 
y/g- 
foe \ 
Total Free 
Medium: 
(A) Phosphate-Locke <1-0 — 
(B) Phosphate-Locke-choline (1 mg.) 2-6 — 
(C) Phosphate-Locke-glucose 0-01 M 7:3 3-1 
(D) Phosphate-Locke-glucose 0-01 M choline (1 mg.) 13-5 6-3 
(E) Control: choline (1 mg.). No tissue added Not measurable 


Exp. 2. As in Exp. 1, but eserine added at different times and respiration allowed to proceed 


for 3 hr. In this experiment the suspensions were centrifuged at the end of the experiment and 


acetylcholine estimations were made on the deposits. Total acetyl- 
choline chloride 
Medium: y/g- 
(A) Phosphate-Locke-glucose 0-01 .M ) Eserine added after 4-1 
(B) Phosphate-Locke-glucose + choline (1 mg.)/ 3 hr. 6-9 
(C) Phosphate-Locke-glucose | Eserine added at com- 4-8 
(D) Phosphate-Locke-glucose + choline (1 mg.)/ mencement of exp. 9-0 


Exp. 3. Rat brain was chopped finely, mixed with 2 vol. saline and divided into several 
parts. After allowing respiration to take place in the appropriate medium, eserine being present 





from the beginning, for 2 hr. at 37°, the suspensions were centrifuged and estimations made on 
the deposits. Acetylcholine chloride 
y/g. 
ea nnn 
Medium: Total Free 
Phosphate-glucose 0-01 M-Locke List 3-7 
Phosphate-glucose 0-01 M-Locke + choline (1 mg.) 18-5 4-6 


Exp. 4. Rat brain was chopped finely, washed and mixed with 3 vol. saline. Subsequent 
treatment as in Exp. 3 but the final centrifuged deposit was washed three times with 10 ml. 
saline to remove free acetylcholine. Eserine was present from the commencement of the experi- 


ment. Acetylcholine chloride 
lo 
io° 
mo - a N 
Medium: Total Free 
Phosphate-Locke 1-7 0-4 
Phosphate-Locke +50 y acetylcholine 1-9 1-0 
Phosphate-Locke + glucose 0-01 M 5:8 1-0 
Phosphate-Locke + glucose 0-01.M and 50 y acetylcholine 58 1-9 
Exp. 5. As in Exp. 4. 
Medium: 
(A) Phosphate-Locke <1-0 — 


(B) Phosphate-Locke and 100 y acetylcholine 2-0 <1-0 
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Table XIV (cont.) 


Exp. 6. Rat brain was minced, and mixed with 4 vol. saline and divided into several equal 
parts. Each part was placed in an appropriate medium and respiration allowed to take place 
‘or 2 hr. at 37°. After this period eserine (1/ was added to the vessels and their contents 
for 2 hr. at 3 After this period ine (1/4000 lded to tl ] L th tent 


analysed for acetylcholine. 
Acetylcholine chloride 


vi8- 
jcinicnatd 
Medium: Total Free 
(A) Phosphate-Locke 2-7 <1-0 
(B) Phosphate-Locke + 300 y acetylcholine 2-9 <1-0 
(C) Phosphate-Locke + glucose 0-01 M 9-4 5-1 
(D) Phosphate-Locke + glucose +300 y acetylcholine 11-8 3-6 


Exp. 7. As in Exp. 6 but the minced brain was well washed before being placed in the mano- 
meter vessels. Eserine was added at the end of the experiment (2 hr.). 


Medium: 
(A) tnt sae Locke nie 0-9 <0-4 
(B) Phosphate-Locke +500 y acetylcholine 3-1 1-1 


Exp. 8. As in Exp. 7 but respiration was allowed to take place for 3 hr. after which eserine 
was added. The suspensions were centrifuged and the deposits analysed. 


Acetylcholine chloride 


y/g- 
AN 
Medium: Total Free 
| (A) Phosphate-Locke-glucose 3-9 0-7 
| (B) Phosphate-Locke-glucose + 1 mg. choline 9-5 0-7 
(C) Phosphate-Locke-glucose + 1 mg. acetylcholine 6-9 2-2 


There is apparently a small effect of acetylcholine in increasing the quantity 
of precursor when eserine is present with the brain tissue from the beginning of 
the experiment. This is seen in Exp. 5. The effect is small and sometimes not 
to be detected (Exp. 4, Table IV). Conceivably there is a small adsorption of 
acetylcholine on the brain tissue which is liberated subsequently by acid 
treatment. It is clear, however, in view of the fact that acetylcholine cannot 
accumulate in large quantity ewing to the presence of choline esterase that 
the adsorptive effect is too small to be of physiological significance. It is to be 
noted (Exps. 4 and 6, Table XIV) that the presence of glucose secures a greater 
synthesis of acetyl-choline-precursor than is achieved by the addition of large 
quantities (up to at least 500 y) of acetylcholine in the absence of glucose. Tt 
follows from this fact that the synthetic action of glucose cannot be due in 
the first place to the synthesis of free acetylcholine which then becomes ad- 
sorbed on the tissue proteins. 

It follows from these experiments that choline is one of the constituents 
which lead to the formation of acetylcholine-precursor and that acetylcholine 
is not an intermediate between choline and the precursor. 

Rate of formation of acetylcholine-precursor. Acetylcholine-precursor is pro- 
duced rapidly during the early part of an experiment in which minced brain 
tissue is incubated in a phosphate-glucose-eserine medium and after reaching a 
limiting value it no longer accumulates. This is seen in Exp. 1, Table XV, w he re 
the ‘‘total’’ acetylcholine found after respiration had been allowed to take place 
in a glucose-eserine medium for 2 hr. was 11-1 y/g. and this value only increased 
to 11-9 y/g. when the respiration was prolonged for a further 3 hr. The result is 
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seen too in Exp. 2, Table XV, where the “‘total’’ acetylcholine found after an 
experimental period of 3 hr., using both glucose and lactate media, is little 
greater than that found in an experiment lasting only 1-5 hr. 


Table XV 
Exp. 1. Rat brain was chopped finely, mixed with 2 vol. saline and divided into several parts. 


Acetylcholine chloride 
V8- 
SS eee 
Total Free 
(A) One part allowed to respire in a phosphate-Locke- 


glucose-eserine medium for 2 hr. at 37° ane aes 11-1 3-7 
(B) Another part allowed to respire under similar con- 
ditions for 5 hr. at 37° saa oe ona an 11-9 4-6 


Exp. 2. As in Exp. 1. 


(A) One part allowed to respire in a phosphate-Locke- 


glucose medium for 90 min. Eserine then added ... 8-0 2-7 

(B) One part allowed to respire in phosphate-Locke- 

glucose medium for 90 min. Eserine added and re- 
spiration allowed to continue for a further 90 min. 8-0 8-0 

(C) One part allowed to respire in a phosphate-Locke- 
lactate medium for 90 min. Eserine then added ... 8-0 1-6 

. (D) One part allowed to respire in a phosphate-Locke- 

lactate medium for 90 min. Eserine then added and 
respiration allowed to continue for a further 90 min. 8-25 6-0 


Glucose =0-01.M; lactate =0-01 M. 


The “‘free’’ acetylcholine does, however, tend to accumulate as time goes on 
so long as eserine is present in the medium. The rate of such accumulation has 
been found to depend greatly on the development of acid conditions in the 
medium as metabolism proceeds. This point will be dealt with shortly. 

The fact that the amount of acetylcholine-precursor obtained in brain tissue 
examined under optimal respiratory conditions quickly reaches a limiting value 
indicates either that some component of the synthetic system is completely 
utilized or that an equilibrium value is reached. A limiting factor cannot be 
the choline concentration since experiments with added choline do not show any 
appreciable increase of the limiting values of acetylcholine-precursor found under 
optimal conditions. Nor can a limiting factor be the supply of energy, or of a 
specific product, produced during the respiration of brain tissue in presence of 
glucose, lactate or pyruvate, for respiration proceeds at a steady rate for a 
considerable time after the amount of acetylcholine-precursor has reached its 
limiting value. It follows that the limiting factor is a tissue constituent other 
than choline or a metabolic product from glucose. It seems to us a reasonable 
hypothesis that this limiting factor is a specific protein with which combination 
takes place to form the precursor. When the protein, like an enzyme, becomes 
saturated, a limit is reached to the amount of precursor which can be formed. 
When the precursor breaks down normally to form acetylcholine the specific 
protein is regenerated and under optimal conditions will again become saturated. 

Effect on the rate of synthesis of acetylcholine-precursor, of the time at which 
eserine is added to the tissue. On the addition of eserine to a medium, in which 
brain tissue has been respiring, 2 hr. after the commencement of an experiment 
the “total” acetylcholine found is usually less than that found when eserine 
is added either at the commencement of the experiment or after respiration has 
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proceeded for a relatively short time, e.g. 30 min. Typical results will be found 
in Exps. 1 and 2, Table XVI, and in Exp. 2, Table XIV. 

This phenomenon is doubtless due to the fact that when eserine is present 
in the medium the acetylcholine formed by the slow breakdown of the precursor 
accumulates and more precursor is formed from choline still present in the 
tissue until the limiting conditions are obtained. In the absence of eserine, 
however, the acetylcholine formed by breakdown of the precursor is hydrolysed 
by the choline esterase present, choline is formed and this helps to regenerate 
the precursor. 

Table XVI 


Acetylcholine chloride 





y/g. 

( ——S 
Exp. 1: Total Free 

(A) Minced and washed rat brain incubated aerobically 

in a phosphate-Locke-glucose medium for 2 hr. at 

37°. Eserine added at commencement of the experi- 
ment oak ons a ace ae. aes aes +00 8-6 6-0 

(B) As in (A) but eserine added at the termination of the 
experiment aes on vee ase eve aan 6-5 3-2 

Exp. 2: 

(A) As in Exp. 1 (A) but eserine added after 30 min. ... 7-2 0 
(B) As in Exp. 1 (B), i.e. eserine added after 2 hr. 3-6 1-2 


Velocity of breakdown of acetylcholine-precursor to acetylcholine. Under 
optimal respiratory conditions in brain tissue at pH 7-4 the velocity of acetyl- 
choline-formation from the precursor is slow. This is seen, for example, in Exp. 1, 
Table XV. It has been shown that eserine does not interfere, measurably, with 
this breakdown (Table X) and that acetylcholine does not disappear from the 
system when eserine is present (Table IX). The precursor must therefore have 
considerable stability under the conditions stated. 

The velocity of breakdown, however, is much accelerated when the pH is 
lowered. It will be seen from the results quoted in Table XVII that a shift of 
pH from 7-0 to 6-5 or 6-0 will increase at 37° the rate of formation of free acetyl- 
choline from the precursor. Such a change of pH has but little effect at 0° or 
at 18°, but it clearly has a much larger effect at 37°. 


Table XVII 


tat brain was chopped finely, mixed with 3 vol. saline and divided into several equal parts. 
Each part was allowed to respire in a phosphate-Locke-lactate medium for 90 min. at 37° after 
which eserine was added to the media. The suspensions were then removed from the vessels, 
centrifuged and the deposits replaced in Warburg vessels containing lactate-Locke-phosphate 
media of different pH and respiration allowed to proceed for a further 90 min. The contents of 
the vessels were then analysed for free acetylcholine. 


Free acetylcholine 


pH found (y/g.) 
7-0 5-0 

6-5 6-25 

6-0 8-75 


From a physiological standpoint the rate of breakdown of acetylcholine- 
precursor to acetylcholine is of as great importance as the rate of breakdown of 
acetylcholine itself. These experiments indicate that a local decrease of pH may 
play an important part in determining the rate of free acetylcholine-formation. 


17—2 
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Factors controlling this rate of breakdown of the precursor will form the 
subject of another investigation. 

Can acetylcholine-precursor be an adsorption complex of acetylcholine itself ? 
Results have already been given which show that, in the synthesis of the pre- 
cursor, acetylcholine is not first formed with subsequent attachment to a tissue 
“carrier”’, from which, by elution or denaturation, free acetylcholine may be 
liberated. To test this point more definitely, numerous experiments were carried 
out to ascertain whether adsorption of acetylcholine takes place on various brain 
tissue constituents; all, however, gave negative results. Brain tissue which had 
been washed free of acetylcholine and in which the amount of precursor had 
been very considerably reduced failed to take up acetylcholine to any measur- 
able extent. It is true that a small quantity of precursor can be produced from 
acetylcholine under the conditions cited in Exp. 5, Table XIV. It would have 
been expected, however, that if adsorption of free acetylcholine was of real 
biological importance, such an adsorption would have been considerable with 
the large quantities of brain tissue and freshly prepared brain constituents 
(sterols, phospholipoids, proteins) which were used. Tissues other than brain, 
e.g. blood, liver, also failed to take up free acetylcholine. It appears to us, 
therefore, that acetylcholine-precursor cannot be a true adsorption compound of 
acetylcholine and a tissue constituent. 

It has already been suggested that the tissue constituent which forms part 
of the acetyl-choline-precursor is a specific protein. This suggestion is of course 
at present purely provisional. It appears to us most likely to be a protein, 
since liberation of acetylcholine takes place (a) on denaturation, (b) on acid 
treatment, (c) on heat treatment. It appears to be specific since acetylcholine 
synthesis does not take place in such organs as liver, kidney, or testis [Quastel 
et al. 1936] and appears to be confined to the nervous system. Muscle, how- 
every has not yet been fully investigated. 

Provisional scheme of the mechanism of acetylcholine-formation in brain in 
vitro. A provisional scheme of the manner of formation of acetylcholine in brain 
is put forward in the diagram below: 


Metabolic product produced Tissue constituent Acetylcholine- 
Choline + during combustion of glu- + (? specific pro- = precursor 
cose, lactate or pyruvate tein) * 
' Increased 


[H], ete. 
Acetylcholine + tissue constituent 





Choline esterase 


This scheme incorporates the results which have been found so far experi- 
mentally. It will be observed that the “tissue constituent’ behaves as a catalyst 
and resembles an enzyme, since it brings about the synthesis cf acetylcholine 
from choline and is itself regenerated. The reversible production of acetyl- 
choline-precursor will explain why the precursor may disappear in presence of 
eserine at 37° in the absence of glucose, lactate or pyruvate (see p. 249) without 
giving rise to acetylcholine. It will be seen that a choline ‘‘cycle”’ is established. 
The possible formation of the precursor by a small adsorption of free acetyl- 
choline on the tissue constituent is indicated by the dotted arrow. The scheme 
accounts for the results obtained when eserine is added to the brain tissue at 
different stages of the experiment, for the effects of choline and acetylcholine 
and for the rates of formation of the precursor. It is at present doubtful 
whether glucose, lactate or pyruvate gives rise to a specific product combining 
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with the choline or whether by a series of oxidative reactions they secure condi- 
tions suitable for combination to take place with another metabolite. 


SUMMARY 


1. There exists in fresh brain tissue a combined form of acetylcholine, 
termed acetylcholine-precursor, which is pharmacologically inactive and which 
breaks down to yield free acetylcholine. A method for the estimation of the 
preeursor is given. 

2. The breakdown of acetylcholine-precursor may be effected by denaturating 
agents, e.g. shaking with excess chloroform, or by treatment with acid. At 
pH 3-0 free acetylcholine is liberated from the precursor at room temperature. 
Breakdown of the precursor to free acetylcholine takes place at a higher pH, 
e.g. 6-0 or 6-5 at 37°. The precursor is non-dialysable or diffusible and has the 
properties of a protein complex. 

3. Acetylcholine-precursor is stable under neutral conditions at 0° but less 
so at higher temperatures. ; 

4. Acetylcholine-precursor is synthesized in brain tissue when the latter is 
allowed to respire in presence of glucose, sodium lactate or sodium pyruvate. 
Under anaerobic conditions little or no synthesis takes place. The sodium salts 
of the following acids bring about little or no synthesis of acetylcholine precursor 
under conditions when glucose, lactate or pyruvate are effective: acetic, succinic, 
acetoacetic, «-ketoglutaric, «-glycerophosphoric, hexosediphosphoric; dl-glycer- 
aldehyde is also inert and inhibits the synthesis of acetylcholine-precursor in 
presence of glucose. 

5. The presence of eserine has no measurable effect on the synthesis or 
breakdown of acetylcholine-precursor. 

6. The presence of choline or acetylcholine increases the rate of synthesis of 
acetylcholine-precursor when brain is respiring under optimal conditions. The 
effect of acetylcholine is not greater than that of choline and it is concluded that 
its effect is due to choline liberated by choline esterase. 

7. The effect of glucose, lactate or pyruvate in securing synthesis of acetyl- 
choline precursor is much greater than that due to acetylcholine. It is unlikely 
that the latter is first formed and that this produces “‘acetylcholine-precursor”’ 
by an adsorption process. . 

8. A provisional scheme of acetylcholine synthesis is put forward to account 
for the experimental results. 


Our thanks are due to the Medical Research Council and the Rockefeller 
Foundation for assistance grants, and to the former body for a grant in aid of 
equipment. 
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In view of our demonstration [Fisher & Wilhelmi, 1937, 2] that arginine can be 
converted quantitatively into creatine in the isolated rabbit heart, we have been 
concerned to discover whether other supposed precursors of creatine can be 
fitted into a scheme in which arginine is regarded as the primary precursor. 
Glycocyamine and glycine are the only two substances other than arginine 
which may reasonably be supposed, on the available evidence, to act as pre- 
cursors. The early evidence in favour of the formation of creatine from glyco- 
cyamine is summarized by Hunter [1928] and more recently Bodansky [1936, 
1, 2] has demonstrated increases in creatine excretion and creatine concentration 
in rat muscle following glycocyamine administration. The evidence in favour 
of the participation of glycine in creatine synthesis is much less definite, and 
consists largely of observations on the effect of glycine on the creatine excretion 
of patients suffering from pseudo-hypertrophic muscular dystrophy (see 
Milhorat & Wolf [1937] for a full review of this topic). However, Bodansky 
[1936, 2] could detect no effect of glycine on the creatine excretion or muscle 
creatine concentration of rats, and Abderhalden & Buadze [1930; 1931] failed 
to detect any effect of massive doses of glycine on the creatine excretion of 
dogs. 

The positive results obtained with both substances are numerous and 
definite, and are clearly of greater relative importance than the negative ones. 
But in neither instance have experiments been so designed that interpretations 
of the results other than in terms of creatine synthesis are satisfactorily excluded. 
Nevertheless, it seems that a scheme for the conversion of arginine into creatine 
which involves these two substances possesses greater plausibility than one 
which neglects the possibility of their participation in creatine synthesis. A 
scheme which indicates a possible relation of arginine, glycocyamine and 
glycine in the process of creatine synthesis is presented below (p. 263). 

The reactions leading to the production of glycocyamine and glycollic acid 
are all of types well known to occur in the mammalian organism, and a similar 
scheme for the production of glycocyamine was first propounded by Czernecki 
[1905] and adopted later by Knoop [1910] and by Neubauer [1911]. The respect 
in which this scheme is new is that it accounts for the methylation of glyco- 
cyamine by means of an agent derived from arginine simultaneously with the 
glycocyamine to be methylated. 

This paper is concerned with the experimental test of the hypothesis that 
glycollic acid can act as methylating agent for glycocyamine in the isolated 
perfused rabbit heart, since this is the crucial feature of the proposed scheme. 

( 262 ) 
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Scheme of reactions involved in the conversion of arginine into creatine 
NH, 
Arginine N a=. NH.CH,CH,CH,CHNH,COOH 
NH, | +0 
| + 


NH=C.NH.CH,CH,CH,CO.COOH +NH, 


NH, | +0 


| d 
NH=C.NH.CH,CH,CH,COOH +CO, 
NH, | +30 
| 
Glycocyamine ° NH—C.NH.CH,COOH +CH,OH.COOH . Glycolliec acid 
% po 
OM 
if ‘% 
4% | fe > 
NH, ° he * CHO.COOH 
| JA : A 
NH—C.N.CH,COOH 
| . 
CH,COOH - CH,NH,COOH Glycine 
| : 
NH, | 


| 
NH—C.N.CH,COOH +CO, 

* Creatine | 

: CH, 


(This paper is concerned with the testing of the part of the scheme enclosed within the dotted 
lines. The remainder of the scheme is still entirely speculative.) 


If glycollic acid can act in this way, then, since glycine can certainly be readily 
deaminated in the whole organism, and since aliphatic keto- and hydroxy-acids 
appear to be readily interconvertible, the hypothesis that glycine exercises its 
influence on creatine synthesis by increasing the supply of methylating agent for 
glycocyamine is rendered extremely plausible. 

In the investigation described below it is shown that the addition of glyco- 
cyamine alone or of glycollic acid alone (as the sodium salt) to the perfusate has no 
effect on the total creatinine of the perfused rabbit heart, but that when both 
substances are added to the perfusate an increase in total creatinine occurs. 
Further the amount of glycocyamine disappearing from the perfusion system is 
negligible when it alone is present in the perfusate, but is considerable and 
corresponds to the estimated amount of extra creatine formed when glycollic 
acid is also present. 

Methods 

The methods used are those described in the preceding papers of this series 
[Fisher & Wilhelmi, 1937, 1, 2] with the following changes and additions: 

(1) Glycocyamine and glycollic acid (neutralized with NaOH) are added to 
the perfusate in a concentration of 7-11 mg./100 ml. 

(2) It has been found advisable to deal with samples and extracts containing 
glycocyamine as rapidly as possible and in the cold, to prevent changes in the 
apparent glycocyamine content of the solutions. The perfusion sample tubes are 
kept in ice until the samples are centrifuged. After the weighing and mincing 
of the heart, under the protein precipitant, the supernatant liquid is filtered 
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under suction and transferred to a 100 ml. volumetric flask in ice. The tissue is 
ground with a stout glass rod, extracted with ice-cold metaphosphoric acid and 
centrifuged. The supernatant liquid is filtered through the same paper into the 
same vessel and again transferred to the volumetric flask. The grinding and 
extraction are repeated seven times. 

(3) 10° metaphosphoric acid is used as a protein precipitant instead of 
trichloroacetic acid. 

(4) Estimations of total creatinine and glycocyamine are made on aliquots 
of a heart extract + perfusate mixture which contains the extract of one-quarter 
of the heart+one-quarter of the perfusate samples removed during the per- 
fusion + one-quarter of the perfusate left in the apparatus at the end of the 
perfusion. 

(5) Glycocyamine is determined by a method identical in principle with that 
of Weber [1936] which is described by Bodansky [1936, 2]. Details of the 
method will be published in a forthcoming paper [Davenport e¢ al. 1938]. 

(6) The data of this paper are derived from the hearts of healthy male rabbits 
weighing more than 2 kg. 

Results 


Blank perfusions. In order to determine the limits of accuracy of the 
analytical methods and to discover whether any significant change in the 
glycocyamine content of the perfusate occurs when it is kept in oxygenated 
Ringér-Locke solution at 37° alone or in the presence of glycollate, a number 
of blank perfusions has been carried out. The results of these perfusions, which 
are collected in Table I, are very satisfactory considering that analyses have to 
be carried out on 1/400th of the total creatinine or glycocyamine. 


Table I 
Observed Observed 

Creatine added Glycocyamine Glycollic acid appearance of appearance of 
(as creatinine) added added creatinine glycocyamine 

6-71 — i 0-18 — 

12-50 — _ 0-46 ia 

7-12 11-00 -- 0-05 -0-19 

7-68 10-87 —_— —0-72 -—0-17 

9-77 10-62 10-78 — 0-07 

9-54 10-51 10-67 — 0-13 


(All figures in mg.) 


tlycollic acid. The results of nine perfusions in which glycollic acid was 
added to the perfusate are shown as hollow circles in Fig. 1. The dotted line 
represents the relation between total creatinine and heart dry weight in controls 
and glucose-perfused hearts [Fisher & Wilhelmi, 1937, 2]. There is no regular or 
serious deviation of the glycollic acid points from the control line, and we con- 
clude that glycollic acid alone does not cause any significant increase in the 
total creatinine of the heart + perfusate. 

lycocyamine. The solid circles in Fig. 1 illustrate the effect of glycocyamine 
on the total creatinine of the heart. Here again, it is clear that there is no 
significant increase in total creatinine of the heart. 

Glycocyamine + glycollic acid. Fig. 2 illustrates the relation between total 
creatinine and dry weight in hearts perfused with glycocyamine and glycollic 
acid. The interrupted line is the control regression line and the continuous line 
is the regression line for the present experimental data. It is clear that the total 
creatinine of the heart is increased by perfusion with these two substances. 
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These three groups of perfusions therefore give good reason to believe that 
glycollic acid and glycocyamine react in the heart to yield creatine. 


mg. total creatinine 


mg. total creatinine 





0 1-0 5 2-0 0 1-0 1-5 2-0 
Heart dry weight (g.) Heart dry weight (g.) 


Fig. 1. Fig. 2. 


However, this evidence is purely qualitative in character, and we have there- 
fore carried out experiments to determine the effect of glycollic acid on the 
disappearance of glycocyamine from the heart + perfusate. 

Glycocyamine disappearance. The results of determinations of glycocyamine 
disappearance from the perfusion system, in the presence and absence of glycol- 
late, are collected in Table II. The column headed AG gives the amount of 
creatinine in mg. to which the amount of glycocyamine disappearing is equi- 

valent, and the columu headed AC gives the most probable value of the extra 
total creatinine. 

AC is calculated as follows: 

The relation between total creatinine (Y) and heart dry weight (x) for 45 
post-pubertal control and glucose-perfused hearts [Fisher & Wilhelmi, 1937, 2 
is Y=4-0lz+3-19. The relation between these variables derived from the 
21 observations on hearts perfused with glycocyamine+glycollate is Y =5-05x 
+2-93. Since these two relations give the most probable values for the amounts 
of total creatinine present in a heart of a particular dry weight before and after 
perfusion with glycocyamine + glycollate, it follows that 

AC = (5-05 —4-01) x + 2-93 + 3-19 
= 1-042 —0-26. 


Since AC is merely an approximate estimate, the individual values of 
AG/AC have little significance. However, provided that the errors in estimation 
of AC are purely random ones, the mean of a series of estimates of AG/AC should 
approximate closely to unity if a quantitative relation exists between glyco- 
cyamine disappearance and creatine appearance. We are therefore of the opinion 
that the mean value of 1-03 +0-16 obtained for the present series of perfusions 
is a strong indication of quantitative conversion of glycocyamine into creatine. 
This opinion is strengthened by the fact that the mean glycocyamine disappear- 
ance in the absence of glycollate is not significantly different from zero, and is 
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only one-eighth of the mean disappearance in the presence of glycollate, although 
the mean sizes of the hearts used in the two series of perfusions are similar. 


Table II 


Glyco- 
cyamine 
Heart dry disappear- 


wt. ance 
Perfusion g.) mg. AG AC AG/AC 
Perfused with 143 1-03 — 0-23 — = ~— 
glycocyamine 145 1-21 0-17 — — : 
alone 152 1-08 0-46 — — -— 
153 1-34 0-22 — so - 
154 1-19 0-03 — -- —- 
Means 1:17 0-13+0-11 
Perfused with 142 1-12 1-04 1-01 0-90 1-12 
glycocyamine 144 1-34 1-40 1-35 1-13 1-20 
and glycollic 146 2-09 2-17 2-09 1-91 1-09 
acid 155 1-14 0-94 0-91 0-93 0-98 
156 0-96 0-52 0-50 0-74 0-68 
157 0-92 0-93 0-90 0-70 1-29 
158 0-99 1-66 1-60 0-77 2-08 
159 0-85 0-28 0:27 0-62 0-44 
‘7 160 0-90 0-77 0-75 0-68 1:10 
162 1-11 0-31 0:30 0-89 0-34 





Means 1-14 1-00 0-19 1-03 0-16 


Preformed creatinine of the heart. A series of determinations of the preformed 
creatinine content of hearts is collected in Table III, and it is apparent that there 
is no significant change in the preformed creatinine of the heart in response to 
different treatments, and, further, that the order of magnitude of the preformed 


Table III. Preformed creatinine content of rabbit hearts 


Preformed Total . 
creatinine creatinine Preformed x 100 
Animal Treatment of heart mg. mg. Total 
107 Arginine 0-32 10-73 3-0 
108 Arginine 0-22 5:45 4-0 
159 Glycocyamine + glycollate 0-35 7-76 45 
160 Glycocyamine + glycollate 0-21 7-95 2-7 
162 Glycocyamine + glycollate 0-32 8-11 4-0 
153 Glycocyamine 0-32 9-40 3°3 
54 Glycocyamine 0-43 — — 
62 C Control 0-21 9-80 2-] 


creatinine is less than that of the increase in total creatinine brought about by 
perfusion with glycocyamine and glycollate. It is therefore unnecessary to 
consider the hypothesis that glycocyamine may be converted into creatinine 
in the heart. 

We regard these results as adequate to demonstrate that glycollic acid can 
act as an agent for the methylation of glycocyamine in the isolated perfused 
heart with the production of creatine. 

The data on which Figs. 1 and 2 are based are collected in Table IV. 
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Table IV 


Total creatinine 


Heart dry Glycocyamine Glycollic acid of heart + per- 
Perfusion weight added added fusate 
number g. mg. mg. mg. 
126 1-26 ~ 7-9 9-57 
135 1-57 - 12-8 9-84 
136 0-86 — 10-3 5°54 
137 0-88 : 11-4 4-39 
138 0-97 — 10-5 7-16 
139 1-07 — 11-7 6-71 
140 1-70 -_- 11-4 9-84 
141 1-03 — 10-8 6-93 
147 1-48 — 11-7 9-32 
55 0-84 11-0 — 5-41 
115 1-02 10-8 _— 5-01 
116 1-30 10-5 — 8-09 
117 1-41 10-5 — 7-53 
118 1-08 ’ 10-8 - 6-87 
143 1-03 : 10-2 - 6-94 
145 1-21 10-2 7-72 
152 1-08 10-9 — 7:33 
153 1-34 11-1 — 9-40 
120 1-06 12-5 8-7 9-55 
121 0-99 11-2 15-0 6-88 
122 1-24 11-1 10-1 7-89 
123 1-2¢ 10-7 11-4 8-00 
124 1-73 10-6 10-0 10-84 
125 1-39 11-0 9-0 9-70 
127 1-33 11-7 12-0 9-34 
128 1-44 10-3 9-1 10-35 
129 1-60 10-5 7:8 11-51 
131 1-47 10-7 10-7 10-51 
133 0-76 10-8 9-0 6°85 
134 1-54 11-7 10-1 11-37 
142 1-12 11-1 11-5 10-40 
144 1-34 10-3 10-5 9-03 
146 2-09 10-7 9-9 14-13 
155 1-14 10-8 12-3 9-01 
157 0-92 10-7 11-9 7:97 
158 0-99 10-9 12-2 7-56 
159 0-85 10-5 11-7 7-55 
160 0-90 10-8 11-8 7-73 
162 1-11 10-7 11-2 7-90 


(The figures for the amounts of glycocyamine and glycollic acid added represent the amounts 
present in the total of 110 ml. of perfusate used in each perfusion.) 


DISCUSSION 


The evidence presented in this paper and in the previous paper of this series 
supports strongly the scheme presented in the introduction to this paper. 

In the first place, arginine can be converted into creatine in the isolated 
rabbit heart [Fisher & Wilhelmi, 1937, 2]. Since arginine and creatine both 
contain a guanidine group it is economical of hypotheses to suppose that this 
group is preserved during the conversion of arginine into creatine. If this is so, 
then a process of methylation of the guanidine nitrogen atom which is bound to 
the side-chain must occur at some stage of the conversion. 

Further argument depends on the assumption that glycocyamine can be 
obtained by the catabolism of arginine. Such a process has not yet been 
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demonstrated experimentally, but the following points are strongly in favour of 
its occurrence: 

(1) Arginine can be converted quantitatively into creatine in the isolated 
heart. 

(2) Glycocyamine can also be converted quantitatively into creatine in the 
heart in certain circumstances. 

(3) The chemical transformations necessary for the conversion of arginine 
into glycocyamine are all chemically and biologically plausible. 

On these grounds we are strongly inclined to believe that glycocyamine is a 
product of arginine catabolism in the isolated heart. 

If this is so, the methylation of glycocyamine must constitute the ultimate 
stage of the conversion of arginine into creatine. We have demonstrated that 
glycocyamine is not methylated by an agent present in the isolated perfused 
heart, i.e. that there is no significant change in total creatinine when glyco- 
cyamine alone is added to the perfusate. It follows that when creatine synthesis 
occurs from arginine, the arginine must provide the methylating agent as well as 
the glycocyamine. The fact that glycollic acid is capable of acting as a glyco- 
cyamine-methylating agent is important, since glycollic acid is very closely 
related to glycine, and provides our present justification for bringing glycine 
into our scheme. 

We wish to make here the suggestion that glycollic acid may be the normal 
methylating agent for glycocyamine, and that the effect of glycine on creatine 
synthesis may be due to its ability to act as a source of glycollic acid. We 
believe this suggestion to be a new one. Tripoli & Beard [1934] suggested that 
glycine might be the source of the N-methyl of creatine but without specifying 
any detailed reaction scheme. 



























SUMMARY 





Neither glycocyamine nor glycollic acid alone increases the total creatinine 
of the isolated perfused rabbit heart when it is added to the perfusate in a 
concentration of 7-11 mg./100 ml. When both substances are added to the 
perfusate the total creatinine is increased, and the increase is due to increase 
in the creatine content of the heart + perfusate. 

There is no significant disappearance of glycocyamine from the perfusion 
system when it alone is present in the perfusate. In the presence of glycollic acid 
an amount of glycocyamine disappears which is approximately equivalent to 
the amount of creatine appearing. 

It is concluded that glycocyamine is converted quantitatively into creatine 
in the perfused heart in the presence of glycollic acid, and that glycollic acid 
acts as a glycocyamine-methylating agent. 

Reasons are given for believing that when arginine is converted inth creatine 
it is first broken down to yield glycocyamine and glycollic acid, and a scheme 
of possible reactions involved in the conversion of arginine into creatine is 
presented which includes a suggestion concerning the role of glycine in creatine 
synthesis. 
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APPENDIX 


In this paper and an earlier one [Fisher & Wilhelmi, 1937, 2] we have been 
compelled by the nature of our material to calculate the quantitative relations 
between the amount of precursor disappearing and the amount of creatine 
synthesized by having recourse to a quantity AC—“‘the most probable value of 
the extra total creatinine” 

We now have two sets of perfusions in which creatine synthesis has been 
observed from different precursors. Both sets are plotted in Fig. 3, the glyco- 
cyamine+glycollate points being plotted as solid, and the arginine points as 





14 


mg. total creatinine 


0 1-0 5 2-0 
Heart dry weight (g.) 
Fig. 3 


hollow circles. The total creatinine-heart dry weight relations of the two series 
are clearly not significantly different, and the pooled regression calculated for the 
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two series is Y =5-38x+ 2-55. This gives a new value of AC, namely AC=1-37x 
—0-64. The values of AC calculated from this relation for each of the perfused 
hearts, together with the observed values of AA and AG, and the corresponding 
ratios, are collected in Table V. 


Table V 


AC AA/AC AC AG/AC 
1-24 0-91 0-89 1-13 
1-31 1-19 3: 1-20 1-13 
0-95 0-99 2-22 0-94 
1-22 0-93 0-92 0-99 
1-24 0-88 0-68 0-74 
1-13 0-95 0-62 1-45 
1-17 1-07 0-72 2-22 
1-28 1-20 0-52 

0-98 1-04 0-59 

1-43 1-13 0-88 


1-03 +0-04 1-07 40-17 


ecw c 
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at pat ped ped fed fet pe fad et 
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It will be seen that the alteration has no significant effect on the mean 
ratios in either series, and it follows that the observed mean values are not the 
outcome of chance correspondence of the calculated relation between AC and x 
with the relation required to show quantitative conversion of precursor into 
creatine. That is, Table V provides further support for our view that both arginine 
and glycocyamine can be converted quantitatively into creatine in the isolated 
heart. 





XXXVI. THE ELIMINATION OF 3:4-BENZPYRENE 
AND OTHER POLYCYCLIC HYDROCARBONS 
FROM THE MOUSE 


By JAMES GOWANS CHALMERS! 
From the Research Department of the Glasgow Royal Cancer Hospital 


(Received 17 December 1937) 


Ir has been shown that, after the intravenous injection of the carcinogenic 
hydrocarbons, 3:4-benzpyrene and methylcholanthrene, and of the non-carcino- 
genic hydrocarbon, anthracene, abnormally fluorescent bile is produced in 
rabbits, guinea-pigs, fowls and mice [Peacock, 1936]. So far, the fluorescent 
compounds present in such samples of bile have not been isolated, but spectro- 
graphic analysis appears to indicate the presence of derivatives of the injected 
aromatic hydrocarbons. The fluorescent substance, ‘“BPX’’, found in the bile 
after the injection of 3:4-benzpyrene, has a characteristic fluorescence spectrum, 
and this property was utilized in the following attempt to trace the subsequent 
fate of this substance in the animal body. 

Objections to the use of fluorescence spectrum analysis as a means of fol- 
lowing the fate of 3:4-benzpyrene in the animal organism have been raised by 
Sannié [1936] who obtained fluorescence curves of 0-5, 0-05 and 0-005 g. 3:4- 
benzpyrene per l. hexane, by examination of the fluorescence spectra with a 
microphotometer, and showed that “‘the fluorescence spectrum of benzpyrene 
varied markedly with concentration’’. He also indicated that the fluorescence 
spectrum of benzpyrene varied markedly with solvent, and quoted the finding 
of Winterstein et al. [1934], that the fluorescence of anthracene is extinguished 
by adding 1/30,000th part of naphthacene, and concluded that it was impossible 
to ascertain the fate of carcinogenic hydrocarbons in tissues solely from fluor- 
escence data. Substances, such as naphthacene, may interfere with spectrum 
analysis made during the extraction of anthracene or 3:4-benzpyrene from coal 
tar, and similar experiments, but, presumably, such substances are not present 
in normal tissues. Auto-absorption or re-absorption of the fluorescence bands in 
strong solution may take place, as suggested by Sannié, but as Hieger [1937] 
has pointed out this property does not prevent quantitative fluorescence 
analysis being made by the method of comparison of the fluorescence of extracts 
with the fluorescence of standards photographed on the same plate. This method 
was first described by Berenblum & Kendal [1936] and has been used in this 
laboratory, Chalmers & Peacock [1936]. It should be noted that in these 
experiments each extract was made in a similar manner. Conclusions have not 
been drawn from small changes in the intensity of fluorescence but from changes 
readily seen even on visual examination of the fluorescent solutions. 


Effects of solvents on the fluorescence spectra of polycyclic hydrocarbons 
An examination of the effects of various solvents on the fluorescence spectra 
of 3:4-benzpyrene, 1:2:5:6-dibenzanthracene, methylcholanthrene and anthra- 
cene has been made, and the spectra of two of these compounds in a number of 
1 Beit Memorial Research Fellow. 
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solvents are given (Figs. 1 and 2). The positions of the maximum of the first 
prominent band of the fluorescence spectrum of 3:4-benzpyrene in various 


solvents are given below: 
Maximum of band 


(approximate) 
Solvent A. 
Alcohol 4030 
Ether 4030 
Light petroleum 4030 
Acetone 4040 
Chloroform 4050 
Benzene 4050 


It will be seen from the figures that the general character of the fluorescence 
spectrum is unchanged in the various solvents but that there is a regular shift 
in the position of the bands, as exemplified in the case of the first prominent 
band. In acetone, there is a shift of 10 A. in the position of the fluorescence 
spectrum compared with alcohol, ether and light petroleum, while, in chloro- 
form and benzene, there is a further shift of 10 A. towards the longer wave- 
lengths. 

The fluorescence spectrum of anthracene showed a similar shift in the 
position of the fluorescence bands in various solvents, as illustrated, and the 
fluorescence spectra of 1:2:5:6-dibenzanthracene and methylcholanthrene in the 
solvents examined (alcohol, light petroleum, chloroform and benzene) also 
exhibited a similar shift in corresponding solvents. Apart from this definite 
shift in the position of the bands, however, the character of the fluorescence 
spectra of the four hydrocarbons remained unaltered. 


The effect of sodium deoxycholate on the fluorescence spectra 
of polycyclic hydrocarbons 


Since the fluorescent substance found in the bile after the injection of 3:4- 
benzpyrene has been characterized by its fluorescence spectrum, the following 
tests were made to determine whether or not benzpyrene itself could be detected 
in the presence of bile salts by fluorescence analysis. At the same time, similar 
tests were made with 1:2:5:6-dibenzanthracene, methylcholanthrene and anthra- 
cene. Winterstein & Vetter [1934] recorded the fact that 3:4-benzpyrene dis- 
solved in aqueous sodium deoxycholate to the extent of 2 mg. per ml. Fieser & 
Newman [1935] found that 1:2:5:6-dibenzanthracene and methylcholanthrene, 
and other aromatic hydrocarbons gave pure choleic acids. In their experiments, 
the hydrocarbon and 10-15 parts of deoxycholic acid were dissolved in hot 
absolute alcohol, and the character of the crystals which appeared on slow 
cooling at various stages of concentration indicated whether a choleic acid had 
been produced, or not. Some hydrocarbons, including anthracene, crystallized 
unchanged from the alcoholic solution, and the formation of a choleic acid was 
determined by the relative solubilities of the components in the solvent used. 
Lorenz [1935] photographed the absorption spectra of the hydrocarbon choleic 
acids made by Fieser & Newman, and found that these spectra and those of the 
unchanged hydrocarbons were identical, showing that the choleic acids were 
completely dissociated. 

In the present instance, small quantities of the four hydrocarbons, together 
with 10-15 parts of sodium deoxycholate, were dissolved in acetone. In each 
case, on evaporation to dryness the solid residue had a violet fluorescence in the 
ultraviolet beam which was quite distinct from the normal yellow fluorescence 
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Fies. 1 and 2. Effect of solvent on the fluorescence spectra of polycyclic hydrocarbons. 





Figs. 3—7. Fluorescence spectra of extracts after intravenous polycyclic hydrocarbons. 








ELIMINATION OF CARCINOGENIC HYDROCARBONS — 273 


of the unchanged hydrocarbon. The violet fluorescence of the residue appeared 
to be due to a solid solution of the hydrocarbon in sodium deoxycholate. It is 
interesting to note that all the four hydrocarbons tested gave this solid solution 
in sodium deoxycholate, whereas Fieser & Newman obtained choleic acids with 
1:2:5:6-dibenzanthracene and methylcholanthrene, but not with anthracene. 
Xeverting to the present experiment, the residue was then taken up in a small 
quantity of water and filtered. The aqueous filtrates of 3:4-benzpyrene and 
methylcholanthrene were clear, and those of 1:2:5:6-dibenzanthracene and 
anthracene cloudy; the clarity, or otherwise, of the solution depended on two 
factors: (1) the relative amount of bile salt present, and (2) the dilution, as will 
be shown later. In each case the fluorescence spectrum of the 3:4-benzpyrene 
in the filtered aqueous extract was similar to that of the unchanged hydrocarbon. 
On shaking the aqueous solution with ether in which bile salts are insoluble, 
practically all the fluorescent material was transferred to the ether layer. 





3:4-Benzpyrene in aqueous sodium deoxycholate 


Sodium 3:4-Benz- 3 
deoxycholate pyrene 
in aleohol in alcohol Appearance of mixture 
10% 0-25% Water jer emieiaccnaete nine inane aorta 
ml. ml. ml. Normal light Ultraviolet beam 
1 1 2 Yellow and cloudy Yellow 
2 1 3 Yellow and slightly cloudy Yellowish violet 
4 1 2 Yellow and clear Pale violet 


In the above experiments, the solutions of sodium deoxycholate and benz- 
pyrene were mixed and evaporated to dryness. Then the residue was taken up 
in 2 ml. water, and the results of the visual and ultraviolet examination of the 
extract are recorded. An increase in the relative amount of sodium deoxycholate, 
which itself has little fluorescence, resulted in an increase in the violet fluor- 
escence of the aqueous extract. On dilution with water, the clear pale violet 
fluorescent solution obtained in the last experiment became cloudy and yellow 
fluorescent. ; 
Aqueous suspensions of polycyclic hydrocarbons 

Incidentally, since 3:4-benzpyrene formed an aqueous solution in the presence 
of bile salt, the possibility of injecting animals with benzpyrene dissolved or 
suspended in this medium was considered. Sodium deoxycholate being rather 
toxic, tests were made with the much less toxic compound, sodium dehydro- 
cholate [Horrall, 1931]. 25 ml. of 0-1°% 3:4-benzpyrene in alcohol were added 
to 1 g. sodium dehydrocholate, and, on evaporation to dryness, the residue was 
taken up in 50 ml. water, forming a yellow fluorescent suspension. This sus- 
pension contained 0-05 % 3:4-benzpyrene and 2° sodium dehydrocholate. It 
could be filtered free from gross particles and boiled for sterilization and, although 
the solid precipitated out on standing overnight, it remained in suspension for 
1-2 hr. A larger amount of 3:4-benzpyrene could be held in suspension by using 
a larger quantity of bile salt, and, consequently, at the expense of an increase 
in toxicity. Suspensions of the other hydrocarbons were made in a similar 
manner, and in each case a greater concentration of the hydrocarbon could 
be obtained than in the corresponding colloidal suspension. As a rule, the 
experiments described have been carried out with colloidal suspensions which, 
although less concentrated than the sodium dehydrocholate suspensions, do 
not contain relatively large quantities of bile salt. The presence of the bile salt 
is a disadvantage in that an extraneous factor is introduced into the experiment 
and that the resultant suspension is somewhat toxic. The suspensions were not 
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highly toxic, since the following successful intravenous injections were made 
during the course of experiments on the fate of polycyclic hydrocarbons in the 


animal body. 
Sodium 


dehydrocholate 
in suspension 


Animal Volume of suspension injected g. 
I J g 
1 rabbit 6 ml. of 0-075 % 3:4-benzpyrene 0-2 
1 fowl 4 ml. of 0-075° methylcholanthrene 0-2 
3 fowls 5 ml. of 0-05 % 3:4-benzpyrene 0-1 
3 fowls 5 ml. of 0-08 % anthracene 0-1 
5 mice 0-5 ml. of 0-05% 3:4-benzpyrene 0-01 
5 mice 0-5 ml. of 0-08°% anthracene 0-01 


All these animals survived the injection for more than 2 days. The injection 
of 0-2 and 0-5 ml. of an anthracene suspension containing 0-01 g. sodium de- 
hydrocholate proved fatal in two mice, but larger quantities have been injected 
without any apparent ill effects and it is probable that these fatalities were due 
to emboli caused by solid particles. 


General methods for elimination experiments 


Mice were injected intravenously with small quantities of 3:4-benzpyrene, 
methylcholanthrene and anthracene colloids and the faeces and urine collected 
for 24‘hr. Then the animals were reinjected with a similar quantity of colloid 
and killed 1 hr. later, when it was known that the fluorescence of the bile in the 
gall-bladder would be at about maximum intensity. The small quantity of bile 
in the mouse gall-bladder proved sufficient for fluorescence analysis. Alcoholic 
extracts of the bile, urine and faeces were made and examined spectrographically. 
The extracts were examined in a small quartz cell which was attached to the 
slit of a Hilger E 3 quartz spectrograph by a wire support. In one or two cases, 
where the volume of the extract was very small, the examination was made in a 
capillary tube. A Kelvin, Bottomley and Baird quartz mercury vapour lamp, 
fitted with a Wood’s glass filter, provided the source of ultraviolet illumination. 

Elimination of 3:4-benzpyrene (Fig. 3). In this experiment, a mouse was 
injected intravenously with 1-0 ml. of a 0-03 % 3:4-benzpyrene colloid. 
diffuse bands at (4100-4250) and 





Spectrum I. Fluorescence of alcoholic extract of bile 
(4350-4500) A. 

Spectrum II. Fluorescence of alcoholic extract of lungs—benzpyrene bands. 

On examination of the mouse post mortem, the lungs showed a number of yellow fluorescent 
spots which proved to be particles of the unchanged hydrocarbon. The same effect was observed 
after the injection of methylcholanthrene and anthracene. 

Spectrum III. Fluorescence of alcoholic extract of urine—general fluorescence. 

Spectrum IV. Fluorescence of alcoholic extract of normal urine—general fluorescence. 


No significant change in the fluorescence of urine after the injection of 3:4- 
benzpyrene was noted. Normal mouse urine has a greyish blue fluorescence 
which would be sufficient to mask the presence of benzpyrene derivatives having 
a weak-banded or general fluorescence. 

Elimination of 3:4-benzpyrene (Fig. 4). In this experiment, a mouse was 
injected intravenously with 0-4 ml. of a 0-03 % 3:4-benzpyrene colloid. 
diffuse bands at (4150-4300) and 





Spectrum I. Fluorescence of alcoholic extract of bile 
(4350-4500) A. 
Spectrum II. Fluorescence of alcoholic extract of faeces—diffuse bands at (4300-4400) and 


(4500-4600) A. 
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An extract of faeces collected after the first 24 hr. did not show fluorescence 
bands. 

To confirm the presence of an alcohol-soluble substance showing banded 
fluorescence in the faeces after 3:4-benzpyrene injection and to test the effect 
of varying the quantity of injection, a series of experiments was carried out 
with injections of 0-2, 0-4, 0-6, 0-8 and 1-0 ml. of a 0-03 % colloid. In each case 
the alcoholic extract of a 24-hr. specimen of faeces showed fluorescent bands 
in the blue-violet region of the spectrum, as described above. 

-It therefore appears that 3:4-benzpyrene is partly eliminated in the faeces 
as an alcohol-soluble substance, showing fluorescence bands at (4300-4400) and 
(4500-4600) A. 

Fractionation of alcoholic extract of faeces (Fig. 5). An attempt was made to 
fractionate the fluorescent substance in the alcoholic extract of the pooled 
faeces from six mice, each of which was injected with 0-6 ml. 3:4-benzpyrene 
colloid. The extract was diluted and treated with ether. The bulk of the fluor- 
escent substance was soluble in ether, and the ether-insoluble fraction proved to 
be soluble in amyl alcohol: Fluorescence spectra of the ether-soluble and ether- 
insoluble fractions are shown. It should be noted that the ether-insoluble 
fraction—called ‘‘ BPF (1)’"—having bands at (4100-4200) and (4300-4450) A.., 
similar to “‘ BPX’’, was present in much smaller quantity than the ether-soluble 
fraction, called “‘ BPF (2)”’, having bands at (4300-4400) and (4550-4650) A., 
similar to the initial alcoholic extract of faeces, and therefore had no appreciable 
influence on the spectrum of the original extract (see Fig. 4), which was made 
from a relatively small volume of faeces. 

The ether-soluble fraction was obtained as a light yellow coloured solution 
which had a bright violet fluorescence, even in ordinary light. It was unstable 
in air, changing to a non-fluorescent substance and, consequently, all mani- 
pulations were carried out, as far as possible, in an atmosphere of nitrogen. On 
hydrolysis of this ether-soluble material, the unsaponifiable fraction contained 
a compound showing a banded fluorescence similar to that of the parent sub- 
stance but with a slight shift in the position of the bands. 

Elimination of methylcholanthrene (Fig. 6). In this experiment a mouse was 
injected intravenously with 0-4 ml. of a 0-075 % methylcholanthrene suspension. 


Spectrum I. Fluorescence of alcoholic extract of faeces—general fiuorescence. 
Spectrum II. Fluorescence of alcoholic extract of urine—general fluorescence. 
Spectrum ITI. Fluorescence of alcoholic extract of bile—general fluorescence. 
Spectrum IV. Fluorescence of alcoholic extract of lungs—banded fluorescence of methyl- 


cholanthrene. 


The spectrum of the material extracted from the lungs was that of the 
unchanged hydrocarbon, and the spectrum of the bile having a general fluor- 
escence was presumably that of a derivative. Since the bile substance had no 
characteristic fluorescence spectrum, it was impossible to obtain any definite 
indication of its subsequent fate in the mouse by fluorescence analysis. 

The quantity of fluorescent bile produced by the mouse in this experiment 
was small, and the spectrographic examination was carried out in a capillary 
tube. A larger quantity of bile was produced by the intravenous injection of a 
fowl with 4 ml. of a 0-075% suspension of methylcholanthrene in aqueous 
sodium dehydrocholate and, on examination of an alcoholic extract, a general 
fluorescence in the blue-violet region of the spectrum was observed, similar to 
that given by the extract of mouse bile. Fluorescent bile produced in the mouse 
and in the fowl after the intravenous injection of 3:4-benzpyrene colloid, showed 
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the same banded fluorescence which has been described above in the case of the 
mouse, 

The experiment on the elimination of methylcholanthrene has been repeated 
on a series of eight mice injected intravenously with 0-4, 0-5, 0-9, 1-0, 1-0, 1-0, 
1-0 and 1-2 ml., respectively, of a 0-03°% colloid. Methylcholanthrene colloid 
was used instead of the suspension in aqueous sodium dehydrocholate so that 
the experiment would be comparable with that on 3:4-benzpyrene. Alcoholic 
extracts of 24-hr. specimens of urine and faeces were fractionated with ether 
and amyl alcohol. The fluorescence spectra of the various extracts showed 
a general fluorescence, except in the case of the ether extract of faeces, which 
showed a very faint band with a maximum at about 4300 A. The intensity of 
this band, however, was small compared with the intensity of the fluorescence 
bands of an ether extract of faeces after 3:4-benzpyrene. 

The elimination of anthracene (Fig. 7). Experiments with anthracene gave 
similar results to those with methylcholanthrene. In the experiment illustrated, 
a mouse was injected intravenously with 0-2 ml. of a 0-06°% anthracene sus- 
pension in aqueous sodium dehydrocholate. Alcoholic extracts of the bile, urine 
and faeces showed a general fluorescence in the blue-violet region of the spectrum. 

As in the methylcholanthrene experiment, a larger quantity of bile was 
produced by the intravenous injection of a fowl with 4 ml. of a 0-06 % suspension 
of anthracene in aqueous sodium dehydrocholate. The bile collected post 
morteny was extracted with alcohol, and the fluorescence spectrum of this 
extract showed a general fluorescence in the blue-violet region of the spectrum, 
similar to that of the mouse bile. 

The experiment on the elimination of anthracene has been repeated on a 
series of seven mice, each of which was injected intravenously with a 0-03% 
anthracene colloid, one with 0-6 ml. and the others with 1-0 ml. The alcoholic 
extracts of 24 hr. specimens of faeces and urine were fractionated with ether and 
amyl alcohol, as in the corresponding 3:4-benzpyrene and methylcholanthrene 
experiments. The fluorescence spectra of the various extracts indicated the 
absence of compounds having a characteristic banded fluorescence spectrum 
from the urine and faeces of mice after the injection of anthracene colloid. 

































Discussion 






The results of the spectrographic analysis described above give a qualitative 
indication of the fate of 3:4-benzpyrene in the mouse after intravenous injection. 
The fluorescence spectrum of the bile substance, BPX, showing two diffuse 
bands, is different from that of 3:4-benzpyrene, which shows a number of sharp 
bands, and the spectrum of benzpyrene is unaltered by the addition of the bile 
salt, sodium deoxycholate. The difference in the fluorescence spectrum, coupled 
with the insolubility of ““BPX”’ in ether, in which solvent 3:4-benzpyrene is 
soluble, suggests the presence of a derivative or an additive compound of 
benzpyrene in the “BPX” fraction. 

The subsequent fate of ‘‘BPX” in the mouse has been considered, and an 
examination of the faeces collected after the intravenous injection of 3:4- 
benzpyrene colloid demonstrated the presence of two substances showing a 
banded fluorescence in the blue-violet region of the spectrum: 

(1) ‘““BPF (1)”, which is ether-insoluble and has a fluorescence spectrum 
similar to ‘‘BPX”’; 

(2) “‘BPF (2)”, which is ether-soluble, and has a fluorescence spectrum 
similar to “‘BPX” but showing a shift in the position of the bands. 
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‘‘BPF (1)”’, which was present only in small amounts, appears to be residual 
““BPX”’, and it seems to be probable that ““BPX.”’ is converted into ““BPF (2)” 
in the intestine and finally eliminated as such. 

The difference between the fluorescence spectra of “BPX” and “‘BPF (2)”, 
i.e. a simple shift in the position of the bands, might be caused by spectro- 
scopically interfering substances in the bile or faeces. An attempt to control 
this factor was made by adding an extract of normal mouse bile to the fluorescent 
extract of faeces, and an extract of normal mouse faeces to the fluorescent 
extract of bile. In each case alcohol was the solvent used. No change in the 
position of the bands, however, was caused by these additions. Solubility tests 
appeared to confirm the results of spectrographic analysis, “BPX” being ether- 
insoluble and “‘BPF (2)” ether-soluble, and it would therefore appear that 
3:4-benzpyrene, “BPX” and “BPF (2)” are three distinct substances, although 
a final decision can only be made on this point after the isolation of the fluor- 
escent compounds in question. 

No significant change in the fluorescence spectrum of alcoholic extracts of 
faeces was found on varying the injection of 3:4-benzpyrene colloid from 0-2 
to 1-0 ml., and the presence of “‘ BPF (2)” in the faeces does not depend on the 
amount of injection. “‘BPF (1)’’, which is presumably present in all the samples, 
is either much less intensely fluorescent than “‘BPF (2)”’, or is present in much 
smaller amount. 

Fluorescence methods did not give any definite evidence of the elimination 
of methylcholanthrene and anthracene from the mouse, probably owing to the 
fact that the fluorescent bile produced on intravenous injection of these hydro- 
carbons had a general and not a banded fluorescence. 

No attempt has been made to account for the quantitative elimination of 
3:4-benzpyrene and, although definite evidence has been obtained of its quali- 
tative elimination in the faeces, it is possible that this is only part of the me- 
chanism of elimination and that elimination in the urine may be an important 
factor. With regard to elimination of polycyclic hydrocarbons in the urine, 
Boyland & Levi [1935, 1936] have reported the isolation of anthracene derivatives 
from the urine of rats and rabbits fed on a diet containing anthracene. 


SUMMARY 


The fluorescence of mouse bile, faeces and urine, after the intravenous 
injection of 3:4-benzpyrene, methylcholanthrene and anthracene colloids is 
described. 3:4-Benzpyrene is eliminated in the faeces as an ether-insoluble 
substance, having a fluorescence spectrum similar to “BPX”, and as an ether- 
soluble substance, having a fluorescence spectrum similar to “BPX” but 
showing a shift in the position of the fluorescence bands of approximately 200 A. 
towards the longer wave-lengths. The former substance appears to be present 
only in relatively small amount. 


The author wishes to thank Dr P. R. Peacock for his interest and encourage- 
ment in this work, and Mr 8S. Breslin for printing and mounting the photographs 
of the fluorescence spectra. 

The author is indebted to the British Empire Cancer Campaign for a personal 
grant held during the first part of these experiments. 
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XXXVII. NOTE ON A QUANTITATIVE SKATOLE 
COLOUR REACTION FOR FRUCTOSE 


By RONALD CHARLES JORDAN anp JOHN PRYDE 
From The Physiology Institute, Cardiff 


(Received 7 December 1937) 


Various methods have been described for the detection and estimation in 
physiological fluids of small amounts of fructose in the presence of other 
carbohydrates. The Seliwanoff reaction and its quantitative modifications 
[Folin & Berglund, 1922; Roe, 1934] are well known. The blue coloration formed 
from fructose and diphenylamine in the presence of concentrated hydrochloric 
acid at 100° [Ihl & Pechmann, 1885] has been judged to be superior to the 
Seliwanoff reaction for quantitative use; it has been developed by van Creveld 
[1928], Kronenberger & Radt [1927], Radt [1928], Corley [1929], Oppel [1930], 
Steinitz & von Riesen [1932] and Patterson [1935] for this purpose. Another 
possible method described by Scott [1935] involves the use of bile salts in place 
of diphenylamine. Inasmuch as few investigators seem to have adopted without 
modification the methods of previous workers, it might be inferred that a satis- 
factory method is still to be sought. The main part of the investigation described 
in this note was carried out in ignorance of the diphenylamine and bile salt 
methods, but comparisons between these and our skatole method indicate that 
the latter is based upon a reaction of markedly greater sensitivity. 

The skatole colour reaction originated from the chance observation of the 
development of an intense purple colour when a dried milk preparation was 
inadvertently heated by a student with cone. HCl. Curiously enough and quite 
independently a similar colour had been observed and noted for investigation a 
few days previously when ovomucoid had been heated with HCl. Attention was 
immediately directed to the possibility that tryptophan was a participant in the 
reaction, probably, in view of the similarity of the colour produced to that of the 
well-known glyoxylic acid test for tryptophan, by condensation with a carbo- 
hydrate derivative. It was found that tryptophan when heated in the presence 
of HCl with lactose, or with any hexose or hexose derivative, yielded the purple 
product. Several amino-acids other than tryptophan were investigated with 
negative results. It was sought to replace tryptophan with other compounds 
containing an indole nucleus. Various substituted indoles (e.g. indole-2-carbo- 
xylic acid and some of its derivatives) were used. These produced no colour on 
being warmed with HCl in the presence of a hexose. Indole and indole-6- 
carboxylic acid, in which the 2-position is unsubstituted, produced orange- 
yellow colours. On the other hand, when skatole was used in place of tryptophan, 
the colour reaction was intensified to a remarkable degree. It has not been 
possible to confirm the observation [vide Plimmer, 1933] that skatole alone 
when dissolved in cone. HCl yields a violet-coloured solution. In this medium, 
after warming to 80°, recrystallized skatole remains completely colour-free for 
a considerable time. Traces of carbohydrate impurity produce varying degrees 
of colour. 

The development of the intense purple colour in the presence of skatole and 
HCl at 80-100° was found to be positive for all hexoses, substituted hexoses, and 
their derivatives examined (24 in number). Furthermore, the reaction is very 
much more readily obtained with fructose and its derivatives than with aldo- 
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hexoses, so much so that, on heating at 40° for 15 min., fructose, its derivatives 
(including hexosediphosphate from yeast fermentation) and sorbose alone yield a 
colour. Pentoses produce an orange-brown colour with skatole and HCl. Of the 
large number of hydroxylic, ketonic and aldehydic substances examined 
additionally to the sugars already mentioned, only the methylpentose, rhamnose, 
and glyoxylic acid give colours at all similar to those formed in the presence of 
hexoses. Rhamnose and skatole give with HCl a characteristic ruby-red colour 
distinct from the ‘‘ permanganate” purple of the hexoses, whereas glyoxylic acid 
produces a colour with a much higher blue content. 

Carried out at 80° or higher the skatole colour reaction provides a highly 
sensitive qualitative or quantitative test for hexoses generally ; using the reaction 
developed at 40° we have found it possible to detect and estimate fructose with 
accuracy in the presence of a large excess of glucose. Using the test in a qualita- 
tive way procedure may be as follows. 

Approximately 5-10 mg. of substance (according to the probable sugar 
content) are placed in a clean, dry boiling-tube (50 ml. capacity) with roughly 
10 mg. recrystallized skatole and 10 ml. cone. A.R. HCl. The tube is then placed 
in a water-bath at 38-40° for 30 min. If an intense “permanganate” purple 
colour develops under these conditions fructose (or other ketohexoses or com- 
plexes containing these) is present in the substance under test. In the absence of 
a ketohexose the test is continued by placing the tube in a water-bath at 80° for 
15 mim when the presence of an aldohexose is demonstrated by the development 
of the intense purple colour. The subsequent addition of absolute alcohol 
intensifies the reaction by dissolving the excess skatole which absorbs some of 
the coloured product from aqueous acid solution. Aliquots of aqueous solutions 
may be tested in the same manner. 

For quantitative purposes it is not claimed that methods based on the skatole 
reaction will be preferred under all circumstances to those methods previously 
described. Nevertheless, its greater sensitivity affords a possible basis for the 
development of a highly accurate and selective method for the determination of 
fructose in the presence of other sugars as, for instance, in blood and other 
physiological fluids and tissues. It is not proposed to give here full experimental 
details concerning our own numerous investigations of the applicability of the 
skatole colorimetric method. These followed lines which will be obvious to users 
of similar methods. In preliminary investigations accurate determinations of 
fructose added to plasma were made with ease in the presence of considerable 
amounts of added glucose, as is shown in Table I. In these experiments 
deproteinization was effected by the addition of trichloroacetic acid and colori- 
metric comparisons were made with a Leitz compensating colorimeter in 
solutions containing 50 °% ethyl alcohol. 


Table I. Determination of fructose added to plasma 


Fructose added Glucose added Fructose found 
mg./100 ml. mg./100 ml. mg./100 ml. 
20-0 —_— 20-0 
40-0 — 40-1 
60-0 -— 61-0 
20-0 100 19-2 
30-0 100 29-2 
40-0 120 41:3 
40-0 40 41-7 


The expenses of this investigation were in part defrayed by a grant from the 
Medical Research Council. 
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XXXVIII. CHEMICAL CONSTITUTION IN RELA- 
TION TO THE PRECIPITATION REACTIONS OF 
NORMAL SERUM WITH LIPOID SUSPENSIONS 


By CAMERON GORDON ANDERSON 
From the Bacteriology Department, University of Edinburgh 


(Received 3 December 1937) 


THE precipitation reactions of normal serum with a variety of lipoids extracted 
from bacteria, animal tissue etc. were shown by Mackie & Anderson [1937] to 
fall into five types, designated A,, A,, B, C and D. The A, type of reaction is 
characteristic of syphilitic sera and of the normal sera of certain animals inter- 
acting with crude alcoholic or chloroform extracts of heart muscle and with 
separated phosphatides. The serum factor concerned in this reaction is thermo- 
labile, being annulled by heating at 65° for 30 min. The precipitation is restricted 
(in the method used for these tests) to a range of serum dilutions from 1 in 4 to 
1 in 64. Reaction A, corresponds to A, in the thermolability of the serum factor 
and in dilution-range but occurs also with normal human sera, and is given by 
fats and acetone extracts of heart muscle and of various bacteria. The serum 
factor of the B reaction has the same thermolability as that of the A reactions, 
but this effect takes place in a higher zone of serum dilutions. It is given by the 
fats and the acetone extracts. The C reaction differs from A and B in the thermo- 
stability of the serum factor which resists heating at 90° for 30 min. Like the B 
effect it occurs in a high range of serum dilutions. In unheated normal serum it is 
apparently inhibited and is only manifested in sera which have been heated 
above 75°. The reaction occurs mainly with fats and acetone extracts but is 
also sometimes given by phosphatides. The D reaction is analogous to the C 
reaction but occurs in still higher dilutions of serum. 

From preliminary observations mentioned in the above paper it seemed 
possible that the lipoid factors concerned in these precipitation reactions might 
be associated with definite compounds, and also that a given compound might 
react in more than one way, giving rise to one or more of the five types of 
reaction. This question has now been investigated with a large range of well- 
defined compounds in pure form, all characterized by solubility in alcohol and 
insolubility in water. 

The compounds tested were selected to contain different characteristic 
groups, both alone and in various combinations with one another in a single 
compound. Homologous series of increasing mol. wt. for each type of compound 
were included in order to determine, in some measure, the influence of decreasing 
proportions of the “active” group of the molecule. The following classes of com- 
pound were examined: paraffins, olefins, primary and secondary alcohols, 
saturated mono- and dibasic acids, unsaturated acids, salts, esters, glycerides 
and sterols. 

Methods 

The compounds were purified by appropriate means (recrystallization, fractional distillation 
etc.) and dissolved in alcohol, containing 0-15 % cholesterol, to give 1% solutions. In cases where 
the solubility was less than 1% at room temperature hot solutions were employed. In many 
instances it was found that suspensions made as previously described [Mackie & Anderson, 1937] 
flocculated spontaneously on standing. This difficulty was overcome by using saline containing 
0-5 % gelatin as the diluent, when, with rare exceptions, the suspensions were stable. It was shown 
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that neither cholesterol nor gelatin alone gave any visible reaction with serum, under the con- 
ditions of the experiments. Sera heated at 55° and at 80° (after fourfold dilution with saline) were 
used in a series of quadrupling dilutions from 1 in 4 to 1 in 1,048,576; 0-15 ml. of the suspension 
of the substance under investigation was added to 0-3 ml. of each dilution of serum, the mixture 
incubated at 37° for 4 hr. and then kept overnight at room temperature before reading the results. 
A second reading after 48 hr. at room temperature was not recorded, as many of the suspensions 
showed’ deposits which confused the reading but were regarded as having no significance. The 
results were recorded and classified according to the system adopted in the previous investigation. 
The stability of the suspensions was controlled in every case by including a tube with 0-15 ml. of 
the Suspension plus 0-3 ml. of saline. 
Results 

These are collected in Table I. The figure following the designation of the 
various reactions indicates the number of times the corresponding reaction 
occurred with the particular serum and compound concerned. A symbol such as 
BC 3 signifies that a B and a C reaction occurred together three times. In the 
column “animal sera’; are collected the results obtained with ox, sheep, rabbit 
and horse sera which All behaved in closely similar manners. 

It will be seen that the paraffins generally gave a negative reaction. A, and 
C reactions occurred very rarely. The olefins gave no reaction or a very weak A, 
reaction, with once a C reaction. Carotene was consistently negative. The 
alcohols, whether primary or secondary, saturated or unsaturated, were negative 
or gave a weak A, reaction. Cetyl alcohol was a marked exception in that it very 
frequently yielded a B reaction alone, although sometimes a negative reaction 
occurred or A, or C reactions either alone or together. The acids almost invariably 
gave a C reaction, usually alone but sometimes in combination with A,, B or D. 
The unsaturated acids gave mixed reactions more frequently than the saturated 
acids, the additional reaction being usually A,. The salts behaved very like the 
corresponding acids. The esters were generally negative or gave weak A, 
reactions occasionally in combination with C. In one or two instances C occurred 
alone. Cetyl palmitate (spermaceti) was invariably negative. The glycerides 
were negative or gave A, or C reactions in the case of the acetins, but more 
frequently combined reactions with the higher glycerides. Triolein was 
exceptional in giving no reaction or A, alone. The sterols were invariably 
negative. It is interesting to note that none of these simple compounds gives the 
A, reaction characteristic of syphilitic sera acting with alcoholic extracts of 
heart tissue or with phosphatides separated therefrom. 


Discussion 


From these results it may be inferred that the reactions depend largely on 
the polar groups present in the molecules. Thus the paraffins which have no 
polar group yield very weak reactions or none at all. The olefins, having only 
the weakly polar double bond between carbon atoms, ma, behave in the 
same way. The hydroxyl group in the alcohols is weakly polar and these sub- 
stances are again negative or give only weak reactions. The acids and salts, 
however, which contain the strongly polar carboxyl group give a strong C reac- 
tion, frequently alone but occasionally with other reactions which are probably 
to be ascribed to the rest of the molecule, which however is comparatively 
inactive when compared with the carboxyl group. The esters have much weaker 
reactions than the acids, the C reaction being largely abolished. This appears to 
be due to the masking of the activity of the polar carboxyl group by the presence 
of the alcohol residue. With esters of high mol. wt. as in spermaceti, the chole- 
steryl esters, or the esters of the higher fatty acids, this weakening of both C and 








Paraffins: 
n-Heptane 
Hexadecane 
Octadecane 

Olefins: 
Hexadecene 
Carotene 

Alcohols. Primary: 
n-Heptyl alcohol 
n-Octyl alcohol 
Cety! alcohol 


Alcohols. Secondary: 
sec-Heptyl alcohol 
Linalol 
sec-Decyl alcohol 
sec-Undecy] alcohol 

Acids. Saturated. 
n-Hexanoic acid 
Pelargonic acid 
Myristic acid 
Palmitic acid 
Stearic acid 
Arachidiec acid 

Acids. Saturated. 
Adipic acid 
Azelaic acid 


Acids. Unsaturated: 
Tiglic acid 
Undecylenic acid 
Oleic acid 
Elaidic acid 


Linoleic acid 

Ricinoleic acid 

Abietic acid 
Salts: 

Sodium stearate 

Sodium oleate 


Esters: 
Cholesteryl acetate 
Cholesteryl oleate 
Cholesteryl stearate 
Octy! acetate 


Ethyl sebacate 
Linolyl acetate 
Ethyl palmitate 
Butyl oleate 
Butyl stearate 
Cetyl palmitate 
Glycerides: 
Monoacetin 
Diacetin 
Triacetin 
Distearin 
Tristearin 
Diolein 
Triolein 
Tripalmitin 
Sterols: 
Ergosterol 
Calciferol 
Cholesterol 
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Table I 


Human syphilitic 
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A, reactions is more obvious. Esters containing the lower acids or alcohols are 
more active, since the degree of masking of the carboxyl group is not so great. 
This effect of increased mol. wt. in reducing the activity of a compound is also to 
be observed in the case of the higher paraffins and olefins. Similar behaviour is 
also exhibited by the glycerides, the triglycerides being less active than the 
diglycerides. The sterols which are large molecules containing few and weak 
polar groups (the double bonds and hydroxyl group) are characterized by com- 
pletely negative reactions. It appears from these results that the C reaction is 
associated with the »c=0 group, especially as it occurs in the carboxyl group 
and less strongly when the carboxyl group is esterified. 

These findings are well illustrated by the various members of the C,, series of 
compounds. The hydrocarbons, hexadecane and hexadecene, are almost 
completely inactive; cetyl alcohol gives a strong B reaction, palmitic acid a 
strong C reaction, whilst ethyl palmitate and tripalmitin are fairly weak in their 
activity and finally cetyl palmitate is quite inactive. The B reaction seems to be 
associated with an inérease in mol. wt., particularly where the polar groups are 
not very strong, as is the case with cetyl alcohol. 

A range of activities which might be regarded as analogous was found by 
Schulmann & Rideal [1937] who examined the penetrating effects of various 
substances into monomolecular films. They showed that long chain fatty acids 
and alcohols (including cetyl alcohol) can penetrate protein films with great ease, 
forming stable mixed monolayers. 

It seems very probable that the strong reactions given by the acids may be 
due, in part at least, to direct combination between the carboxyl group and the 
free amino groups of the serum proteins. In the case of other compounds the 
reactions probably result from the association brought about by residual affinities 

\ 
between the proteins and such groups as —-OH, —OR, SC=C¢ ete. in the 
compounds studied. As mentioned by Schulmann & Rideal even the non-polar 
portion of the molecules may play a part in such association, a fact which 
accounts for the weak reactions given by the non-polar paraffins. Przylecki et al. 
[1935] also observed that non-polar paraffins were strongly adsorbed by serum 
albumin and other proteins, but weakly adsorbed by casein, gelatin and peptone. 
They maintain that the adsorption of acids and esters is mainly through the 
polar groups of the proteins. 
SUMMARY 

1. Certain precipitation reactions designated A,, B, C and D [Mackie & 
Anderson, 1937], similar to those described with normal serum and various 
lipoid preparations extracted from bacteria, vegetable and animal tissues, are 
obtained with simple compounds of known constitution all soluble in alcohol and 
insoluble in water. 

2. The degree of activity runs parallel with the strength of the polar groups 
concerned. 

3. Fatty acids give, generally, the C reaction, whilst other substances give 
either no reaction or the A, reaction. Cetyl alcohol, in contrast to the other 
alcohols, gives a strong B reaction. 

4. None of the compounds tested yields the A, reaction which is characteristic 
of the interaction of phosphatides with syphilitic sera and the normal sera of 
certain animals. 
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XXXIX. STUDIES ON THE COLORIMETRIC 
DETERMINATION OF PHOSPHATE 


By ISAAC BERENBLUM! ann ERNST CHAIN 
From the Sir William Dunn School of Pathology, Oxford 


(Received 27 October 1937) 


In 1914 Taylor & Miller introduced a method for the colorimetric determination 
of phosphate, based on the reduction of phosphomolybdic acid. The imper- 
fections of the original method led to many modifications by other workers, but, 
owing to inadequate knowledge of the chemical mechanism of the reaction, these 
modifications were based largely on methods of trial and error. The following 
investigations on the mechanism of the reaction were undertaken to serve as a 
more accurate basis for further improvements of the method. 


I. Reduction of molybdic acid in the absence of phosphate 
Previous modifications consisted largely of the use of new reducing agents, 
on the assumption that certain reducing agents act specifically on phospho- 
molybdi¢ acid without reducing molybdic acid itself. (For literature see Tschopp 
& Tschopp [1932].) This assumption required further investigation. 
This was carried out by comparing, over a wide acid range, the effects of 
different reducing agents on molybdic acid, using a “‘Spekker’’ Photoelectric 


Intensity of blue colour 
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0 Ot 0-2 0:3.04 05 06 0:7 0:8 09 10 Il bh2 13 4 NHSO, 
Acidity 
Fig. 1. Colour intensities at different acidities produced by the reduction of molybdic acid in the 

absence of phosphate. A, with the reagent of Fiske & Subbarow [1925]. Readings taken after 
3 days. B, with SnCl, (reagent of Kuttner & Cohen [1927]). Readings taken after 5 min. The 
intensities of blue colour in Figs. 1-7 inclusive represent actual readings on the “Spekker”’ 
Photoelectric Absorptiometer without filter. 


Absorptiometer without filter for estimating the intensities of blue colour pro- 
duction. Fig. 1 shows the results with two reducing agents (stannous chloride 
1 Beit Memorial Research Fellow, with a personal grant from the British Empire Cancer 
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as used by Kuttner & Cohen [1927] and 1: amino-2: naphthol-4: sulphonic acid 
as used by Fiske & Subbarow [1925]). In these and other experiments with 
different reducing agents it was found that, given sufficient time for the reaction 
to be completed, most reducing agents will, under suitable conditions, reduce 
molybdic acid in the absence of phosphate. 

The velocity of the reduction is greatest at about 0-2 N H,SO,, being low in 
alkaline and neutral solutions and rapidly diminishing to zero in strongly acid 
solutions. At 0-2 N, all available reducing agent is used up provided that there 
is sufficient molybdate present. 

In solution, molybdic acid exists in many forms, but these are not all reduced 
equally readily [Britton & German, 1930]. The equilibrium depends on the acidity 
and on the total amount of molybdate present, and therefore the reducibility of 
molybdic acid is also a function of the acidity and molybdate concentration. 
The velocity of the reduction is similarly dependent on these factors, and also on 
the concentration and nature of the reducing agent. 

The supposed spetificity of certain reducing agents for phosphomolybdic 
acid appears therefore only in high acid concentrations. 


II. Acceleration of the reduction of molybdic acid by phosphate 


The effect of phosphate on the rate of reduction of molybdic acid was 
investigated at different acidities with different reducing agents, for 0, 10, 40, 
100 and 500y of phosphorus per 10 ml. of total fluid, and the intensities of blue 
colour which deveioped were determined after-different time intervals. The 
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Fig. 2. Fig. 3. 


per 10 ml. at 0-2 NV H,SO,. 


Fig. 3. As Fig. 2 at 0-5 N H,SO,. 


Fig. 2. Colour production at different time intervals, using 0-4 ml. of Fiske & Subbarow’s reagent 


results of these experiments are shown in Figs. 2, 3, 4 and 5, from which the 
following conclusions may be reached. 

(a) The rate of reduction of molybdie acid is greatly accelerated by the 
presence of phosphate. 
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(b) The acceleration occurs over a very wide acid range, but diminishes as 
the acidity increases (v. also Fig. 7). 

(c) The end points may not be reached till after 30 min. or more at 0-5 NV 
(Fig. 3) or after several days at N (Figs. 4 and 5). (With strong reducing 
agents such as stannous chloride, the end points are reached too rapidly for the 
velocity to be determined with accuracy.) 
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Fig. 5. As Fig. 4 using HI as reducing agent (1 ml. of 10% KI per 10 ml.). 


(d) At acid ranges where molybdic acid is itself reduced, the apparent end 
point may be followed by a further increase in colour (Fig. 2). The latter is due 
to the “non-specific” reduction of molybdic acid. 

(e) The nature and concentration of reducing agent greatly influence both 
the accelerating effect of phosphate and the time required to reach equilibrium. 

Since the effects of changes in acidity and in molybdate concentration are 
closely related (see end of section III), it follows that both the acceleration 
and the time required to reach equilibrium are also influenced by the con- 
centration of molybdate. 
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III. End points in the reduction of molybdic acid 
in the presence of phosphate 


When working in an acid range in which “non-specific” reduction is negligible, 
the end points reached are, with any given reducing agent, approximately pro- 
portional to the amount of phosphate present. But with different reducing agents 
different end points are obtained for the same amount of phosphate. The 
stronger the reducing agent the deeper the blue colour produced. 

In order to be able to calculate the actual number of molecules of molybdic 
acid reduced per atom of phosphorus, the following experiments were under- 
taken on the relation between the amount of reduction and the intensity of 
blue colour produced. 

Two different methods were used for estimating the amount of reduction. 
The results obtained by the two methods were in close agreement. 

(1) The blue compound (produced by stannous chloride at N) was extracted 
with butyl alcohol, washed free from reducing agent, and titrated with 1/100 
potassium permanganate, the end point being the disappearance of blue colour 
in the butyl alcohol layer and the persistence of a violet colour in the aqueous 
layer. 

(2) Krumholz’s method. The reducing agent used was hydriodic acid, the 
iodine liberated being titrated in carbon tetrachloride with M/200 sodium 
thiosulphate. 

It has been established [Jak6b & Koslowski, 1929; Hein et al. 1936] that the 
blue compound formed is a combination of 6-valent and 5-valent molybdenum. 
Using therefore the schematic equation 


2Mo0,+2HI=Mo,0, + H,0+I,, 


the titration results could be expressed in terms of molecules of MoO, reduced. 
Fig. 6 shows the titration values plotted against the intensity of blue colour. 
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Fig. 6. Relation between titration values (represent amounts of reduction) 
and colour production. 


From this it is possible to calculate the number of molecules of Mo‘! reduced 
to Mo’ under different conditions. This is summarized in Table I. 
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Table I 
No. molecules 
MoO, reduced 
per atom 
Reducing agent Acidity Time of P 
Potassium iodide 1 N H,SO, 10 min. 0 
1 N H,SO, 24 hr.* 2 
Reagent of Fiske & Subbarow 0:5 N H,SO, 30 min.* 2 
1 N H,SO, 30 min. 0-7 (approx.) 
1 N H,SO, 3 days* 4 
Reagent of Kuttner & Cohen 1 N H,SO, 10 min.* 9 


* Equilibrium reached. 


With HI as reducing agent, 2 mol. of MoO, are reduced by one of phosphorus. 
This is in agreement with the results of Krumholz [1933]. With Fiske & Sub- 
barow’s reagent at 0-5 N (at which the test is normally carried out), 2 mol. are 
also reduced, while at N twice as many molecules are reduced, but at this 
acidity the velocity of the reaction is too slow for practical application (over 
3 days). With SnCl, as used by Kuttner & Cohen, as many as 9 mol. are 
reduced. (The value of 6 mol. obtained by Hein et al., was due to the reduction 
being carried out on 12-phosphomolybdic acid without any excess of molybdic 
acid. Under such conditions, the theoretical maximum cannot be more than 6.) 

Since stannous chloride is one of the strongest reducing agents available, and 
since higher concentrations than those used above tend to cause reduction 
beyond the 5-valent state, it would appear that the limit of sensitivity is reached 
in the method of Kuttner & Cohen. (Stannous chloride was originally used by 
Denigés [1920], but the method was greatly improved by Kuttner & Cohen 
[1927].) 
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Fig. 7. Colour-acidity curves with stannous chloride. 
The relation between end points and acidity was studied mainly with SnCl,, 
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as equilibrium is reached very rapidly with this reagent. In Fig. 7 curves are 
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given showing the colour intensities produced with different amounts of 
phosphate at different acidities. Two points of interest arise out of this: 

(1) The existence of a very narrow acid zone (around 1-1 N) within which 
the reaction may be used for the quantitative determination of phosphate. A 
greater acidity causes marked diminution in colour; less acidity causes colour 
to appear in the control. (With weaker reducing agents, the margin of safety is 
greater.) 

(2) At 0-2 NV, at which intense colour develops in the control, the presence of 
phosphate causes a diminution in colour intensity, due evidently to the fact that 
some of the reducible molybdic acid, combined with phosphoric acid, is no 
longer available for reduction. 

The curves in Fig. 7 were obtained from experiments in which the con- 
centration of ammonium molybdate was 0-5°%. With lower concentrations, the 
curves remain similar in type but are all moved to the left. Thus changes in 
acidity and in molybdate concentration have opposite effects on the equilibria 
which exist in solutioh between the different forms of molybdic and phospho- 
molybdie acids. 


0-20 
0-15 


0-10 


0-05 


Intensity of yellow colour 


0 
0 0-2 0-4 0-6 0-8 1-0 I-2 NHSO, 


Alkaline <—|—> Acid 
Fig. 8. Intensities of yellow colour (production of yellow phosphomolybdic acids) at different 

acidities. The intensities of yellow colour represent readings on the instrument, using a 

purple filter. 

IV. The reducible phosphomolybdic acids 

The compounds between phosphoric acid and molybdic acid have been 
investigated by several workers. (For literature see Gmelin [1935].) Many 
such compounds are known to exist, two main types being described, the 
colourless and the yellow phosphomolybdic acids. Little is known of the former 
except that they exist both in neutral and in strongly acid solutions. Of the 
yellow compounds, two have been isolated, the 12 (24) and the 9 (18) phospho- 
molybdie acids. In alkaline solutions, all phosphomolybdic acid complexes are 
almost completely dissociated. 

Wu [1920] has studied the reducibility of these compounds, by isolating 
them in a pure state, bringing them into solution and adding reducing agents. 
It is known, however [Krumholz, 1933], that, in solution, the different phospho- 
molybdic acids all exist in a state of equilibrium, which is a function of several 
factors (acidity, concentration, temperature etc.). So that, on theoretical 
grounds, Wu’s conclusion, that one of the yellow phosphomolybdic acids is more 
reducible than the others, is untenable. 

It is usually assumed that one of the yellow phosphomolybdic acids is in- 
volved as an intermediate product in the colour reaction for phosphates. How- 
ever, in Fig. 8, showing the intensities of yellow colour which develop at different 

19—2 
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acidities, it is seen that no yellow colour is detectable at N (at which reduction 
easily occurs in the presence of phosphate by the method of Kuttner & Cohen), 
or on the alkaline side (at which reduction was carried out originally by Taylor 
& Miller). However, this evidence is not conclusive, and the problem can only be 
solved by a quantitative study of the complicated equilibria between the 
different forms of molybdic and phosphomolybdic acids. 

The formation of a blue colour by the reduction of phosphomolybdic acid, 
has been used by Folin and others as a method for the quantitative determination 
of reducing agents (sugars, uric acids etc.). It follows from the above experi- 
ments that, at the correct acidity, molybdic acid without phosphate can be used 
for such determinations. 


V. Interferences in the reaction 


Many substances have been described which interfere with the colorimetric 
tests for phosphates. These can now be classified as follows. 

A. Substances which alter the acidity of the medium, thereby altering the 
amount of reducible molybdic acid: i.e. acids, alkalis and buffers. 

B. Substances which form molybdenum complexes which are difficult to 
reduce, thereby diminishing the amount of molybdic acid available for reduc- 
tion: e.g. fluorides, citrates, oxalates etc. 

C. Substances which change the concentration of reducing agent: e.g. 
nitrites, hypochlorites etc. 

Additional evidence in support of this scheme of classification was obtained 
from experiments in which different inhibitors were added while the acidity, 
concentration of molybdate or of reducing agent were varied. It was found, for 
instance, that small amounts of inhibitors from group B caused the acid curve 
(Fig. 7) to be moved to the left, indicating that the available amount of reducible 
molybdic acid was diminished. 

It has been shown [v. Gmelin, 1935] that complexes of the type of group B 
are also formed with chlorides and sulphates. It follows, therefore, that the 
decrease in the reduction velocity of molybdic acid at high acidities is not merely 
an effect of H+ ions but is also due partly to the formation of hetero-polyacids 
with the particular acid present. 


VI. Mechanism of the reaction 


Since phosphates accelerate the velocity of reduction of molybdic acid, 
the process may be considered as catalytic. This view, originally suggested by 
Feigl [1922] (v. also Feigl & Krumholz [1929]), is confirmed by the present 
results. 

The catalytic theory is incomplete, however, because, with a given amount of 
phosphate, a definite limit to the amount of colour production is reached, even 
in the presence of excess of reducing agent. No such limit should exist unless, as 
suggested by Krumholz, the catalyst is made ineffective during the course of the 
reaction. That this occurs, is confirmed by the following experiment. The blue 
compound, produced with stannous chloride in the presence of phosphate, was 
destroyed by titration with potassium permanganate; on further addition of 
stannous chloride, the original intensity of blue colour reappeared. Thus, by 
breaking up the blue compound, the phosphate can activate once again the 
reduction of Mo¥!. 

The formation of a phosphomolybdic acid as an intermediate product 
naturally suggests itself. No such compound with more than 12 mol. of molybdic 
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acid per atom of phosphorus has yet been described. Since it is shown above 
that 9 mol. can be activated by one of phosphorus, one must assume either the 
existence of a phosphomolybdic acid with at least 18 mol. of molybdic acid in the 
complex, or else that excess of molybdic acid from the solution is taken into the 
complex molecule to replace the reduced molybdic acid. 

The catalytic theory is interesting from the biochemical standpoint, in view 
of the importance of phosphoric acid in oxidation-reduction systems. Further 
investigation of the mechanism of this reaction may therefore prove of import- 
ance, 

VII. Practical applications 

The belief in the existence of certain reducing agents which act specifically 
on phosphomolybdic acid, is shown to be untenable. From the point of view of 
sensitivity, the ideal reducing agent is one which will reduce the maximum 
number of MoO, mol. per atom of phosphorus. This appears to be achieved by 
dilute stannous chloride. However, in addition to sensitivity, the method must 
have a wide margin of safety as regards acidity, concentration of reagents and 
potential inhibitors. 

Of the two most frequently used methods for the colorimetric determination 
of phosphates, that of Kuttner & Cohen is very sensitive, but it loses in safety 
what it gains in sensitivity; that of Fiske & Subbarow allows a wider variation 
in acidity and concentration of reagents, but it is less sensitive and is affected by 
changes of temperature. Interfering substances affect both methods, but to 
different degrees [Berenblum & Chain, 1938]. 

From the present investigations, it is possible to devise conditions for a 
method of high sensitivity which would avoid most of the disadvantages of the 
previous tests. A method based on these considerations is described in the 
following communication [Berenblum & Chain, 1938]. 


SUMMARY 


Investigations were carried out on the reduction of molybdic acid, on which 
the colorimetric determination of phosphate depends. All the reducing agents 
tested reduce molybdic acid in the absence of phosphate. The reduction velocity 
is greatest at about 0-2 NV, and diminishes rapidly to zero with increasing acidity. 
Phosphates accelerate the rate of reduction of molybdic acid. This acceleration 
occurs over a wide acid range, but decreases with increasing acidity. 

The rate of reduction of molybdic acid, the accelerating effect of phosphate 
and the end points reached in these reactions are all dependent on the con- 
centration of molybdate and on the concentration and nature of the reducing 
agent. The stronger the reducing agent, the greater the number of molecules of 
MoO, reduced per atom of phosphorus. 

The theory that the reduction of molybdic acid is catalytically activated by 
phosphate, has been confirmed. The reaction does not go to completion, how 
ever, but reaches definite end points, because the product of the reduction 
inactivates the catalyst. 


We are indebted to the Royal Society for a grant to one of us (I. B.) towards 
the expenses of this investigation. 
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XL. AN IMPROVED METHOD FOR THE 
COLORIMETRIC DETERMINATION 
OF PHOSPHATE 


By ISAAC BERENBLUM! anp ERNST CHAIN 
From the Sir William Dunn School of Pathology, Oxford 


(Received 27 October 1937) 


AuL the known colorimetric methods for the determination of phosphate are 
liable to errors arising from (a) slight changes in acidity and concentration of 
reagents, and (b) the presence of interfering substances (e.g. fluorides, nitrites 
etc.). The following method is almost entirely independent of these disturbing 
factors, and possesses the added advantage of being more sensitive than those 
previously described. ; 
EXPERIMENTAL 
Principle of the method 


The method is based on the ready solubility of the reducible phosphomolybdic 
acid in isobutyl alcohol. It consists essentially of the reduction of phospho- 
molybdie acid to the blue complex by shaking the alcoholic extract with an 
acidified aqueous solution of stannous chloride. Since the extraction occurs 
readily over a wide acid range (0-05-1-5 N H,SQ,), and is not affected by the 
presence of excess of molybdic acid, considerable variation in the concentrations 
of these reagents is permissible without any danger of interference with the 
ultimate colour production. The concentration of reducing agent may also vary 
over a wide range, while the effects of interfering substances are prevented by the 
use of high concentrations of molybdate and reducing agent. 


Solutions required 


(1) 10 N sulphuric acid (approx.): 28% cone. H,SOQ,. 

(2) N sulphuric acid (approx.): sol. (1) diluted 10 times. 

(3) 5% ammonium molybdate (Kahlbaum “for analysis”). This solution 
must be kept in a bottle, coated inside with paraffin wax, to prevent the slow 
formation of a silicon compound of molybdic acid which yields a blue colour on 
reduction. 

(4) Stock solution of stannous chloride: 10 g. stannous chloride is dissolved 
in 25 ml. cone. HCl (kept in a brown glass-stoppered bottle). 

(5) Dilute stannous chloride solution: sol. (4) is diluted 200 times with 
1 N H,SO, (sol. (2)). It must be made up fresh when required. 

(6) tsoButyl alcohol. 

(7) Ethyl] alcohol. 

The following phosphate solutions are required for comparison : 

A. Stock solution: 2-193 g. KH,PO, in 500 ml. water (=1 mg. P per 1 ml.). 

B. Solution containing 10y per ml.: sol. A diluted 100 times. 

C. Solution containing ly per ml.: sol. A diluted 1000 times. 


Beit Memorial Research Fellow, with a personal grant from the British Empire Cancer 
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Determination of phosphate in 10 ml. of total volume of fluid 


A. For inorganic phosphorus. If the solution to be tested is strongly acid or 
alkaline, it must first be neutralized. Then 5 ml. of this are measured into a 
separating funnel and the following added: 0-5 ml. of 10 N H,SO,, 2 ml. of dist. 
water, 2-5 ml. of 5% ammonium molybdate and 10 ml. of isobutyl alcohol. 
The mixture is shaken for 1 or 2 min. and the aqueous layer is discarded. The 
alcoholic solution is washed by shaking with two lots of 5 ml. of N H,SO,, and 
then shaken with about 15 ml. of the dilute stannous chloride solution for about 
30 sec. and the aqueous layer discarded. The blue solution is poured into a 10 ml. 
measuring flask; the separating funnel is washed with ethyl alcohol and the 
solution made up to the mark with the washings. (The ethyl alcohol is necessary 
to bring into solution emulsified droplets of water.) 

B. For inorganic phosphorus in biological fluids. The proteins are first 
removed by the addition of an equal volume of 12% trichloroacetic acid and 
centrifuging. Of the supernatant fluid, 5ml. are measured into a separating funnel, 
and the procedure then continued as described above, except that 0-3-0-4 ml. of 
10.N H,SO, is added instead of 0-5 ml. 

C. For organic phosphorus. When the phosphorus is in organic combination, 
the incineration method of King [1932] is recommended, 1 ml. of 60% perchloric 
acid being used for the incineration (with addition of one or two drops of H,O, 
if very much organic material is present). The colourless solution thus obtained 
is made up to 5 ml. and tested as described above, except that no 10 N H,SQ, is 
added. 

The intensities of blue colour may either be determined by an ordinary 
colorimeter, or by means of a ‘“‘Spekker” Photoelectric Absorptiometer, after 
calibrating the instrument against standard amounts of phosphate. 

The safe ranges of concentration of reagents and the effects of interfering 
substances were studied, and the results compared with those obtained by the 
methods of Fiske & Subbarow [1925] and Kuttner & Cohen [1927]. The results, 
which are summarized in Tables I and II, illustrate the wide margin of safety of 
the present method. 

Micro-determination of phosphate 

The above method can be made 10 times more sensitive by reducing all the 
quantities to a total volume of 1 ml. The only requirements are some micro- 
pipettes, a special small mixing vessel in the place of the separating funnel, and a 
suitable colorimeter for examining small amounts of fluids. 

A micro-mixing vessel suitable for the purpose is shown in Fig. 1. It consists 


of a bulb of about 10 ml. capacity with two 
lengths of very fine capillary tubing attached. 
One of these is bent and the end ground to a 


fine point, through which fluid is sucked into 
the vessel, while the other is connected to a 
mouth-piece by rubber tubing. 
The following substances are measured into 
a small crucible by means of micro-pipettes: 
0-05 ml. of 10 N H,SO,, 0-25 ml. of 5% am- Fic. 1 
monium molybdate and 0-5 ml. of the solution jae 
to be tested. The mixture is sucked up into the mixing vessel, the crucible is 
rinsed with 0-2 ml. of dist. water and this is also taken up into the vessel, after 
which 1 ml. of isobutyl alcohol is sucked up and the vessel shaken, the ends 
being held closed with two fingers. The subsequent procedure is similar to that 
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in the macro-method, except that about 1 ml. of NV H,SO, and 1-5 ml. of dilute 
reducing agent respectively are used, and the final volume made up with ethyl 
alcohol in a 1 mi. measuring flask. 

For the present work, the colour intensities were estimated by means of a 
‘“Spekker”’ Photoelectric Absorptiometer specially adapted and fitted with 
vessels of 1 ml. capacity. The results obtained by the micro-method compared 
very favourably with those obtained by the standard method. 


DISCUSSION 


In attempting to assess the usefulness of the present method, comparisons 
were made with the two most frequently used methods, namely that of Fiske 
& Subbarow and that of Kuttner & Cohen. 

As regards sensitivity, the depth of colour developed by the present method 
for a given amount of phosphate was found to be at least 4 times that of Fiske & 
Subbarow, and of the samt order as that of Kuttner & Cohen. With the latter 
method, however, the control is usually slightly coloured so that the determina- 
tion of the faint colours produced by less than 5y of phosphorus per 10 ml. is 
not reliable. With the present method, no colour develops in the control, so 
that as little as ly of phosphorus can be determined with accuracy. The method 
is reliable for quantities up to 100y of phosphorus per 10 ml. 

In the previous communication [Berenblum & Chain, 1938] substances 
interfering with the colorimetric determination of phosphate were classified as 
follows: 

A. Substances which alter the acidity of the medium, i.e. acids, alkalis and 
buffers. 

B. Substances which combine readily with molybdic acid to form complexes 
which are difficult to reduce, e.g. fluorides, tartrates, citrates etc. 

C. Substances which interfere with the reduction of phosphomolybdic acid, 
e.g. nitrites, hypochlorites etc. 


Table I. Safe limits of variation in amounts of reagents 


Method of Method of 
Reagent Fiske & Subbarow Kuttner & Cohen Present method* 

Acid (H,SO,) +30% +10% + 200% 

- 90 
Molybdate +30 +10 +100 

—- 90 
Reducing agent +30 +30 +100 

— 90 


* +100% represents double the concentration, and —90% 1/10 the concentration normally 
used for the method. 


Both the method of Fiske & Subbarow and that of Kuttner & Cohen are 
very sensitive to interfering substances of groups A and B, the latter being 
somewhat more susceptible than the former (Tables I and II). Such interferences 
are almost completely eliminated in the present method by using excess of molyb- 
date at a relatively low acidity (0-5 N). This is made possible by the fact that 
the excess of molybdate is removed in the aqueous layer prior to reduction. 

The method of Kuttner & Cohen is extremely susceptible to interfering 
substances of group C (Table IT) owing to the small amount of reducing agent 
permitted in the test. The method of Fiske & Subbarow is less sensitive to these 
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Inhibitors* 


Sodium nitrite: 


0-1 M Complete inhib. Complete inhib. Slight inhib. 
0-01 M Slight inhib. Complete inhib. No inhib. 
0-001 M No inhib. Marked inhib. No inhib. 


0-0002 M 


Sodium citrate: 


0-04 M Complete inhib. Complete inhib. Moderate inhib. 

0-01 M Almost complete Marked inhib. No inhib. 
inhib. 

0-004 M Slight inhib. No inhib. No inhib. 


Sodium oxalate: 
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Table II. Inhibition of colour production 


Method of 


Fiske & Subbarow 


No inhib. 


Method of 


Kuttner & Cohen 


Slight inhib. 


Present method 


No inhib. 


0-04 M Complete inhib. Complete inhib. No inhib. 

0-01 M Moderate inhib. Moderate inhib. No inhib. 

0-002 M Slight inhib. No inhib. No inhib. 
Sodium fluoride: 

0-1 M Complete inhib. Complete inhib. No inhib. 

0:05 M Moderate inhib. Moderate inhib. No inhib. 


* The figures in this column represent molar concentrations in the final mixtures. 


inhibitors because of the excess of sulphite present in the reducing mixture. In 
the present method, the effects of these inhibitors are almost completely eliminated 
by using great excess of reducing agent. 

Finally, the discarding of the aqueous layer and the washing of the alcoholic 
layer with dilute acid prior to reduction, not only helps to eliminate the potential 
inhibitors, but also prevents the “‘non-specific” development of blue colour in 
the control. 


SUMMARY 


1. An improved method is described for the colorimetric determination of 
phosphate. It consists of the removal of the reducible phosphomolybdic acid 
from the aqueous solution by extraction with isobutyl alcohol, and its reduction 
with stannous chloride. 

2. The amount of phosphorus which can be accurately determined is 1-100y 
by the standard method and 0-1—-10y by the specially designed micro-method. 

3. The method is almost completely independent of interfering substances. 


We are indebted to the Royal Society for a grant to one of us (I. B.) towards 
the expenses of this investigation. 


REFERENCES 


Berenblum & Chain (1938). Biochem. J. 32, 286. 
Fiske & Subbarow (1925). J. biol. Chem. 66, 375. 
King (1932). Biochem. J. 26, 292. 

Kuttner & Cohen (1927). J. biol. Chem. 75, 517. 











XLI. ETHYL ALCOHOL METABOLISM 
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BATELLI & STERN [1910] studied the oxidation of ethyl alcohol using “‘brei” 
of different organs and animals. An oxidation to acetaldehyde and acetic acid 
was observed, the most active organ being horse liver. Horse kidney also showed 
some activity. The enzymes responsible for this two-step oxidation are: for the 
first step (alcohol = aldehyde) an alcohol dehydrogenase, and for the second 
(aldehyde — acid) either the Schardinger enzyme or a mutase. 

Alcohol dehydrogenase of animal origin has been studied by Reichel & 
K6hle [1935] but much more is known about that of yeast which has even been 
obtained in crystalline form [Negelein & Wulff, 1937]. It requires coenzyme I 
(diphosphopyridine-nucleotide) and can therefore use the yellow enzyme as a 
carrier. The mutase [Parnas, 1910] which might catalyse the second step is, 
according to Dixon & Lutwak-Mann [1937], different from the Schardinger enzyme 
and also needs coenzyme I. 

Many experiments have been done on the whole animal [see Le Breton, 1936] 
and also by liver perfusion [Lundsgaard, 1937], but the tissue slice technique has 
not been much used in this problem. 


Methods 


The method of Nicloux et al. [1934] was used for estimating alcohol. We 
have found it quite specific since organic acids and acetone did not interfere 
under the conditions of our experiments. O, uptake was measured with 
Warburg manometers in a medium of phosphate-Ringer [Krebs, 1933]. 

In experiments with liver there is a considerable acid formation; 3 ml. of 
Ringer were therefore used and dry weights of tissue between 10 and 15 mg. 

In each experiment the thermobarometers contained alcohol solution ; these 
were treated in exactly the same manner as the other manometers and were used 
to determine the initial amount of alcohol. 

After 2 hr. at 37-5° the manometers were cooled in ice-water for 10 min. 
before opening, the slices were removed and the contents quantitatively trans- 
ferred with saturated picric acid for alcohol estimation. In some cases a correc- 
tion was applied to allow for the alcohol removed with the slices, and with certain 
organs (testis) the whole contents of the Warburg vessel were distilled. During 
the experimental period a loss of 3-5 % alcohol occurred, but duplicates (thermo- 
barometers) agreed within 3%. 

Large-scale experiments. Flasks similar to those described by Krebs [1933] 
were filled with 22 ml. of bicarbonate-Ringer and O,+5°% CO, (pH 7-4). The 
initial composition of the medium was ascertained by withdrawing 10 ml. of the 
liquid after the gassing. The flasks were then not opened until the end of the 
experiment. In some cases oxygen uptake was measured in phosphate-Ringer 
in a parallel experiment. 
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Acetic acid in 2-5 ml. of liquid was titrated after distillation with an air 
current in a way similar to that described in Pregl & Roth [1935]. Values were 
compared with those given by distilling a standard solution. , 

Bicarbonate was estimated manometrically at 25° on 1 ml. solution plus 
1 ml. distilled water, after gassing with 5°% CO, in N,, by addition of 0-05 ml. 
40% H,SO,. On treating 2 ml. of water in the same way 27-30yl. of gas are 
evolved (probably because of a decrease in CO, solubility), but as changes were 
always measured the correction cancels out. 

Lactic acid was estimated as described by Friedemann & Kendall [1929] and 
West [1931]. Samples were evaporated to half-volume in a water bath to remove 
alcohol. The same apparatus (West’s) was used for distilling the acetaldehyde. 
Pyruvic acid was estimated with carboxylase as described by Westerkamp [1933]. 

Units. Q=pl. of gas or of the substance in question calculated as gas at 
N.T.P., divided by tissue dry weight in mg. and time in hr. The suffix DA is 
used for distillable acid (calculated as monovalent) and A for acid (decrease in 
CO,-combining power of the liquid). Taking I mol. ethanol as equivalent to 1 mol. 
gas ly ethanol =0-487 pl. 

Experimental results 


Results obtained using different tissues appear in Table I. Liver is the only 
organ that causes a large alcohol disappearance (Tables II and IV), —Qetnanoi in 
O, being between 6 and 9 for rat and about 3 for pigeon liver. Pigeon muscle 


Table I. Aerobic disappearance of ethanol in the presence of tissue slices 


2-3 ml. of phosphate Ringer, pH 7-4. 2 hr. at 37-5°. Gas: O,. 


Organ Substrate Cuncs -Qo, 
Rat kidney Nil 0 20-8 
Ethanol, 0-0016 MW —0:3 22-6 
Rat kidney Nil 0 19-9 
Ethanol, 0-0015 W 0 23-1 
Rat kidney Nil 0 18-7 
Ethanol, 0-:0019 MW —0°6 21-4 
Rat kidney* Nil 0 16-4 
Ethanol, 0-0019 MW —3-5, -3-9 20-4, 20-3 
Rat testis Nil 0 5-0 
Ethanol, 0-0016 M 0 4:8 
Glucose, 0-01 M 0 10-5 
Glucose + ethanol, 0-0016 MW —0-4 9-7 
Rat spleen Nil 0 10-7 
Ethanol, 0-0016 MW —0-7 10:3 
Rat diaphragm Nil +02 5:3 
Ethanol, 0-0016 M +0-2 4:7 
Rat intestine Nil 0 5-1 
Ethanol, 0-0016 M 0 4-5 
Pigeon muscle “brei” ‘Nil + 0-04 — 
Ethanol, 0-0006 M —0:15, —0-08 - 
Pigeon liver Nil 0, 0 9-4, 9-8 
Ethanol, 0-:0006 —2-8, -3-0 8-9, 8-9 


* This animal had received 10 ml. of ethanol per kg. daily for 1 month. 


(brei) and rat kidney cause a small but definite disappearance. The action of kidney 
was specially marked in a rat which had previously received aicohol orally for a 
month. With other tissues the disappearance, if it exists, falls within the 
experimental error. 
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Oxygen uptake is slightly decreased by alcohol in every organ (Table I) 
except in kidney where it is increased. 

Fasting decreases alcohol oxidation in liver (Table II), as was observed for 
the whole animal by Le Breton [1936]. Livers of rats fasted 50-70 hr. gave 


Table II. Influence of fasting on aerobic disappearance of ethanol 


Livers from rats fasted 50-70 hr. Values in brackets are those given by the controls 
belonging to the same litter and fed 2 hr. before. 


Substrate Qethanol -Qo, 
Nil 0 (0) 11-8 (14-7) 
Ethanol, 0-0006 MW 5:0 (- 8-7) 10-6 (12-4) 
Ethanol, 0-:0006 MW 5-4 (- 8-7) 10-5 (13-0) 
Ethanol + pyruvate, 0-0135 M - 17-5 ( — 13-7) 19-3 (21-8) 
Ethanol + fumarate, 0-0135 M - 10-0 (—11-1) 14-6 (14-8) 
Nil 0 (0) 10-5 (12-8) 
Ethanol, 0-0006 © 5-2 (- 7-2) 9-99 (13-0) 
Ethanol, 0-0006 M 5-4 (- 7-1) 9-97 (13-1) 
Ethanol + dl-malate, 0-0135 M — 69(-— 9-0) 12-6 (14-9) 
Ethanol + acetate, 0-0135 M - 5:3(- 7-5) 11-7 (15-2) 
Nil 0 (0) 11-6 (12-6) 
Ethanol, 0-0006 - 56(- 81) 10-2 (12-3) 
Ethanol, 0-0006 MW 5-6 (-— 7-7) 10-0 (12-1) 
Ethanol + pyruvate, 0-0135 M 20-0 ( — 12-3) 24-0 (18-7) 
Ethanol + glucose, 0-0135 M — 7:3(- 7-9) 12-6 (12-6) 


— Qethanoi of 5-5-6, whereas the controls from the same litter fed 2 hr. previously 
gave values of 7-8. 

Livers of rats which had received alcohol (10 ml. per kg. per day for 1 
month) gave values of about 8, i.e. at the upper limit of normal variation. 

A change in concentration of alcohol from 1-5 x 10-4 to 2-2 x 10-° M does 


not appreciably change the Qethanol. 
Anaerobically the —Qetnanoi decreases to about 1. 


Table III. Anaerobic disappearance of ethanol in liver 


2-5 ml. bicarbonate-Ringer, pH 7-4. Gas: N,+5% CO,. 


Substrate ae O66 
Nil 0 1-1 
Ethanol, 0-0008 M —1-2 1-1 
Pyruvate, 0-02 M 0 9-2 
Pyruvate + ethanol —3-0 8-1 
Lactate, 0-02 M 0 1-2 
Lactate + ethanol -1-9 1-0 
Fumarate, 0-02 M 0 2-7 
Fumarate + ethanol —1-2 1-7 
Succinate, 0-02 M 0 —- 
Succinate + ethanol -1-1 0-5 
Ethanol, 0-0008 M —1-3 2-0 
Ethanol + fumarate, 0-:0135 WV —1-4 2-6 
Ethanol + pyruvate —3-6 6-8 
Ethanol, 0-0033 M —1:8 1-5 
Oxaloacetate, 0-01 M 0 — 
Oxaloacetate + ethanol —3-2 = 
Fumarate, 0-01 M +ethanol —1-5 1-6 


In none of our experiments did we find a well-defined alcohol formation. 
Sometimes in the controls we obtained values of 5-10 pl. alcohol but we do not 
consider these results as trustworthy. Neither aerobically nor anaerobically, 








Table IV. Effects of different substrates on the 
ethanol in liver slices 


Substrate 
Nil 
Ethanol, 0-0008 M 
Lactate, 0-01 M +ethanol 
Pyruvate, 0-01 M +ethanol 
Succinate, 0-01 M + ethanol 
Fumarate, 0-01 M +ethanol 
dl-Malate, 0-01 M + ethanol 
Acetate, 0-01 M + ethanol 
Nil 
Ethanol, 0-0019 M 
Ornithine, 0-01 M 
Ornithine + ethanol 
Nil 
Ethanol, 0-:0015 M 
Lactate, 0-01 M 
Lactate + ethanol 
Nil 
Ethanol, 0-0018 M@ 
Acetate, 0-01 M 
Acetate + ethanol 
Ammonium chloride, 0-01 M 
Ammonium chloride + ethanol 
Glycine, 0-01 M 
Glycine + ethanol 
Nil 
Ethanol, 0-0016 MW 
Succinate, 0-01 M 
Succinate + ethanol 
Nil 
Ethanol, 0-0005 M 
Lactate, 0-0033 M + ethanol 
Lactate, 0-0067 M + ethanol 
Fumarate, 0-0033 M + ethanol 
Fumarate, 0-0067 M + ethanol 
Nil 
Ethanol, 0-:0018 M 
Fumarate, 0-01 M 
Fumarate + ethanol, 0-0018 M 
dl-Malate, 0-01 M 
dl-Malate + ethanol 
dl-Alanine, 0-01 M 
dl-Alanine + ethanoi 
Glycerol, 0-01 M 
Glycerol + ethanol 
Nil 
Ethanol, 0-0018 M 
Butyrate, 0-01 M 
Butyrate + ethanol 
dl-B-Hydroxybutyrate, 0-01 M 
dl-B-Hydroxybutyrate + ethanol 
Pyruvate, 0-01 M 
Pyruvate + ethanol 
Nil 
Ethanol, 0-0018 M 
Citrate, 0-01 M 
Citrate + ethanol 
Nil 
Ethanol, 0-0033 M 
Oxaloacetate, 0-01 M 
Oxaloacetate + ethanol 
Nil 
Ethanol, 0-0033 M 
Lactate, 0-0016 M + ethanol 
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with or without substrates was this blank increased. Only with pigeon muscle 
‘brei’’ were values as high as 30 pl. obtained, but it is probable that some other 
substance interferes in the estimation as the distillation was slower than that of 
ethanol. 

By incubating the intestine of a fed rat in Ringer for 2 hr. at 37° 0-5 mg. of 
alcohol was obtained. This was not identified but it is well known that alcohol 
can be formed by bacterial action. 

Effect of different substrates. Of the different substrates tested aerobically 
(Tables IL and IV) pyruvic acid was found to be the most active in increasing 
the —Qethano (from 7-8 to 12-20). 

Increases were also observed with succinic, fumaric, malic, oxaloacetic and 
lactic acids, alanine and sometimes with citric acid (2 exps. out of 4). Acetic, 
butyric, B-hydroxybutyric and ascorbic acids, glycine, ornithine, glucose, ammo- 
nium chloride and insulin showed no action, while glycerol slightly depressed 
alcohol oxidation. 

In the fasted rat the effect of pyruvic acid seemed to be even greater, 
—Qetnanol rising from 5 to 17 or 20. In one case glucose caused an increase from 
5 to 7. 

Influence of inhibitors. Table V shows the results obtained using various 
inhibitors. Cyanide greatly decreases alcohol oxidation, but does not stop it 


Table V. Influence of inhibitors 
Rat liver slices. Phosphate-Ringer, pH 7-4. Gas: O,. 
Substrate Qethanol 

Nil 0 
Ethanol, 0-0015 M — 5-5 
KCN, 0-001 M 0 
KCN +ethanol 0-6 
KCN, 9-005 M 0 
KCN +ethanol 1-8 
Nil (Ringer, no Ca) 0 
Ethanol, 0-0015 M —6-2 
Fluoride, 0-01 M 0 
Fluoride + ethanol —5-2 
Oxalate, 0-01 WM 0 
Oxalate + ethanol 
Arsenate, 0-01 M + ethanol 5-2 
Nil 0 
Ethanol, 0-0016 MV 
Malonate, 0-04 M 0 
Malonate + ethanol 
Nil 
Ethanol, 0-0015 M 
Phlorhidzin, 0-01 M 
Phlorhidzin + ethanol 
Nil 
Ethanol, 0-0006 M 
lodoacetate, 0-007 M 
Iodoacetate + ethanol 
Iodoacetate, 0-013 M 
Todoacetate + ethanol 
Nil 
Ethanol, 0-0017 M 
Dinitrophenol, 1-1 x 10-> M 
Dinitrophenol + ethanol 
Dinitrophenol, 1-1 x 10-4 M 
Dinitrophenol + ethanol 
Arsenate, 0-01 M 
Arsenate + ethanol 
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completely. A small increase in O, uptake is produced by alcohol when cyanide 
is present, this probably being due to cyanide-insensitive carriers (yellow enzyme), 
but it is not quantitatively important. 

Iodoacetate which inhibits alcohol dehydrogenase [Dixon, 1937] and mutase 
[Dixon & Lutwak-Mann, 1937] brings down the —Qetnanoi to 2 and in this case 
an increase in Qo, is also produced by alcohol. Fluoride, arsenate, phloridzin, 
malonate and oxalate also decrease alcohol oxidation ; 2:4-dinitrophenol increases 
it at 1-1 x 10-° M concentration and decreases it at higher concentrations. 

Since incubation with cyanide has been shown to inhibit specifically the 
Schardinger enzyme [Dixon & Keilin, 1936; Leloir & Dixon, 1937] it was thought 
that it might prove interesting to try it on this system. Liver slices were incu- 
bated 30 min. with KCN 1/500, washed 5 times in Ringer and then used for a 
large-scale experiment. We obtained: —Qp, =9-2, Q, =7°3, Op, =6-4, while for 
the control without alcohol we obtained respectively : 9-3, 1-4, 1-6:i.e.noinhibition. 
Nevertheless it is uncertain if the Schardinger enzyme could be completely 
inhibited under these conditions, in view of the fact that in the presence of 
adequate substrates [Dixon & Keilin, 1936] the inhibition is not produced. 

The oxidation product. The results of large-scale experiments are given in 
Table VI. Bicarbonate estimations indicate a great increase in acid formation, 


Table VI. Liver slices in bicarbonate Ringer 
A indicates the difference in composition of 1 ml. of the medium before and after 2 hr. 
at 37-5°. Gas: 0,+5% CO,. Final volume: 12 ml. 


A 
Dry A distil- 
wt. of A bicar- lable 
slices ethanol bonate acid 
Animal mg. Substrate m- Geen Be Qa pl. Qpa Qo.*  Yethanoi* 
Rat 199 Ethanol, -320 -9-7 -230 +7:0 +170 +52 -11-7 -91 
0-0019 M 
163. None 0 0 - 22 +0°8 i) 0 - 12-1 0 
Rat 200 = Ethanol, - 294 8-8 -219 +65 +173 +52 -—- 96 -84 
0-0018 M 
201 None 0 0 23 +O-7 0 0 —10-1 
Pigeon 202 Ethanol, -127 - 3-8 - 38 +113 + 30 +0-9 
0-:0018 M 
222 None 0 0 - 20° +05 +15 +04 a - 


* Measured in parallel experiment. 


the Q, value rising from 0-7-0-8 to 6-5-6-9. All or nearly all of this acid is 
distillable, the amount of it (Qp, 5-2 and 5-2) corresponding roughly to the Q,. 
Values obtained in other experiments were 10°% higher or lower owing to the 
difficulty of obtaining very reliable results in the distillation and titration of 
small amounts of acetic acid. 

In one of the experiments the acid was redistilled, neutralized, concentrated 
and the lanthanum test for acetic acid [Kriiger & Tschirch, 1929; 1930] carried 
out. The reaction was intensely positive. 

Table VI also shows an experiment on pigeon liver; — Qetnanoi is lower (3-8). 
Acid formation is low but definite. 

Little if any acetaldehyde seems to accumulate when rat liver slices oxidize 
alcohol. After incubating liver slices (c. 200 mg. dry weight) 1 hr. in the presence 
of M/100 alcohol and distilling the whole contents of the flask (with 0-1 N HCl) 
in West’s apparatus, 1-6 ml. of N/200 iodine were required in the Clausen titra- 
tion, while 1-5 ml. were used for the control. 
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Using liver ‘“‘brei” instead of slices (c. 600 mg. dry weight) and the same 
concentration of alcohol, 10-6 ml. of iodine were required against 1-2 ml. for the 
control without alcohol. The bisulphite-binding substance was identified as 
acetaldehyde in the following way. HCl was added to the bisulphite solution to 
make the conc. 2N, excess SO, was blown out with N,, and saturated 2:4-di- 
nitrophenylhydrazine in 2N HCl was added. After 1 hr. at 37° crystallization 
began. Afterseveralrecrystallizations from alcohol a hydrazone M.P. 166° (uncorr.) 
was obtained. Mixed m.P. with acetaldehyde hydrazone was 166°, M.p.=168° 
(corr.), Campbell [1936]. In one case a hy drazone melting at 147° [Brady, 1931] 
was obtained. 

The action of pyruvic acid. Data in Table III show the influence of pyruvic 
acid on the anaerobic disappearance of alcohol. An increase in —Qethanoi from 
1 to 3 was produced, whereas fumaric acid had no such effect. 

The anaerobic disappearance of pyruvic acid in the presence of alcohol and 
aldehyde was studied (Table VII). Both substances were active but the alcohol 


Table VII. Anaerobic disappearance of pyruvic acid 


Rat liver slices, 1 hr. at 37°. Gas: N,+5% CO,. 


Substrate or 2 = Porcine 
Nil 6-6 0 
Pyruvate, 0-005 WM 12-9, 11-2 6-9, 7-0 
Pyruvate + acetaldehyde, 0-01 M 17°7, 17-1 11-2, 10-9 
Pyruvate + ethanol, 0-01 M 11-7, 10-8 13-5, 12-6 


more so than the acetaldehyde. Anaerobic lactate formation from pyruvate was 
also increased by alcohol (Table VIII) from about 5 to 11. The fact that in this 
experiment Qiactate is higher than Q%3, is presumably due to a faster formation 
of lactate in the first 20 min., before the CO, measurement was begun. 


Table VIII. Anaerobic lactic acid formation 


Substrate Qiactate Qs Coe 
Nil 3-8, 3-2 2-7, 2-8 
Ethanol, 0-0017 M 2-4, 2-5 0-5, 0-7 
Pyruvate, 0-013 M 5-6 4-2 
Pyruvate, 0-013 M + ethanol 11-2 71 
Pyruvate, 0-02 M 4-1 4:3 
Pyruvate, 0-02 M + ethanol 11-7, 10-8 7-0, 6-4 


The amount of lactate formed was somewhat in excess of the pyruvate dis- 
appearance (Table IX). Aerobically, lactate concentrations as low as 0-0016 WM 
were still found active in causing increased disappearance of alcohol. 


Table IX. Anaerobic lactic acid formation from pyruvate 
Rat liver slices in bicarbonate-Ringer. A indicates the change in composition of 1 ml. of 
the medium after 1 hr. at 37-5°. Final volume: 14 ml. Gas: N,+5% CO,. 


A ethanol A lactate Apyruvate 
ul. Qethanol pl. Qiactate pl. Q, »yruvate 
Pyruvate, 0-008 M — 60 -5:8 212 20-5 -— 155 —7: 
Ethanol, 0-0014 M 
134 mg. dry weight 
Pyruvate, 0-008 M 0 0 134 13-9 — 93 -4:8 


126 mg. dry weight 


20 
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Discussion 

Fasting has been found to decrease the speed of alcohol disappearance from 
the blood of whole animals [cf. Le Breton, 1936] and we have found that it also 
decreases alcohol oxidation by liver slices. The effect does not appear to be due 
to a loss of activity of the enzyme system since the addition of appropriate sub- 
strates increases the — Qethanoi to values even higher than those of normal liver. 
Probably there is a decrease in the amount of some of the substances (pyruvic, 
C, dicarboxylic acids) which have been shown to increase alcohol oxidation. 

Chronic alcoholism increases alcohol disappearance in the whole animal but 
no appreciable difference was found in liver slices of rats so treated. Duplicate 
measurements of a kidney did however show a marked increase over that of the 
controls. Alcohol is considered to inhibit dehydrogenases and this might be the 
cause of its small depressing effect on O, uptake of liver slices, yet the same con- 
centrations increase the respiration of kidney and of liver “‘brei”. Another 
difference between “brei”’ and slices is that only in the former does acetaldehyde 
accumulate. Practically all the acid formed from alcohol is found to be acetic 
acid and about 65% of the alcohol which disappears is recovered as acid. The 
rest of the alcohol (about 30°) cannot be accounted for, the aldehyde presumably 
undergoing further reactions which have not as yet been analysed. If it is 
assumed that 60 °% of the alcohol is transformed into acetic acid and the rest into 
acetaldehyde, about three-quarters of the normal oxygen uptake must be 
utilized for the oxidation of alcohol. 

It is most probable that the accelerators (pyruvate was especially studied) 
act as hydrogen acceptors, since we have found that (a) pyruvic acid increases 
alcohol disappearance aerobically or anaerobically, (6) alcohol increases pyruvic 
acid disappearance and lactic acid formation anaerobically. This increase in 
lactic acid excludes the possibility of chemical combination between pyruvate 
and alcohol or aldehyde (unless the substance formed is estimated as lactic acid). 
Moreover, since the effect may appear anaerobically a coupled oxidation of the 
type described by Keilin & Hartree [1936] probably does not occur. The fact 
that lactate also increases alcohol oxidation shows that pyruvate acts not only 
as an acceptor but that, undergoing successive oxidations and reductions, it may 
also function as a carrier. Lactate concentrations as low as 0-0013-0-003 1 still 
have an effect in vitro (blood concentration is 0-001—0-002 1). 

The effects of succinic, fumaric, malic and oxaloacetic acids may be inter- 
preted in a similar way. Since fumaric acid does not act as a hydrogen acceptor 
anaerobically it appears probable that the acceptor in this series is oxaloacetic 
acid, Therefore the probable interpretation is that the coupled reaction can only 
occur between two systems requiring coenzyme [Dewan & Green, 1937]. 

Our experiments support Szent-Gyérgyi’s theory that C, dicarboxylic acids 
can act as carriers in animal oxidations and they also show that other reversible 
systems (pyruvic = lactic) may act in the same way, at least in the case of 
alcohol oxidation in liver. 

SUMMARY 

1. Ethanol oxidation was studied in rat and pigeon tissue slices. 

2. Aerobically in rat liver the rate of oxidation is high; —Qethanoi 7-9. It is 
lowered by fasting to 5. In pigeon liver it is about 3. 

3. In other organs except kidney and pigeon muscle oxidation is very small 
or absent. 

4. Oxygen uptake is slightly lowered by ethanol in slices of every organ 
except kidney, where it is increased. 
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5. More than half of the alcohol that disappears in liver is converted into 
acetic acid, practically no acetaldehyde being accumulated. 

6. Pyruvic, lactic, succinic, fumaric, malic and oxaloacetic acids and alanine 
increase aerobic alcohol disappearance. 

7. Anaerobically — Qethanoi is about 1, increasing to 3 with pyruvic and oxalo- 
acetic acids. Fumaric acid has no such effect. 

8. Alcohol increases anaerobic disappearance of pyruvic acid by increasing 
lactic acid formation. The action of pyruvic acid as a carrier is discussed. 

9. The influence of cyanide, iodoacetate, fluoride, arsenate, malonate, 
phlorhidzin and oxalate has been studied. 


It is a pleasure to thank Prof. B. A. Houssay for his advice throughout this 
work and Dr M. Dixon for kindly correcting the proofs. 
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CowarD & Kry [1934] showed that in vitamin A tests the same result was 
obtained by giving doses of vitamin A-containing substances half-weekly as by 
giving doses daily. They also showed that in a 10 days’ curative test for vitamin D, 
the whole of the 10 days’ dose given at the beginning of the curative period 
produced the same result as if it had been divided into 10 daily doses. On the 
other hand, Bacharach e¢ al. [1936] found a slightly greater effect by giving 
vitamin D doses daily than by giving the whole dose at once. It is probably im- 
material which method is adopted provided that both test substance and standard 
are treated in the same way. If the test substance is so potent that the whole 
of the dose can be given on ] day in a vitamin D test or half-weekly in a 
vitamin A test, much time and labour can thus be saved. 

As the number of routine tests for vitamin B, increased in this laboratory, 
it seemed worth while to compare the two methods with respect to vitamin B,. 
A preliminary comparison between the effects of daily doses and half-weekly 
doses of dried yeast was first made, and then three further comparisons were 
made using (a) a small dose (0-01 g.), (b) a larger dose (0-02 g.) of an adsorption 
product of vitamin B, and (c) a dose of 5y crystalline vitamin B,. In all 
4 experiments it was found that the same effect, or nearly the same, was produced 
by daily doses as by half-weekly doses, the equivalent of 3 daily doses being 
given 1 day and of 4 being given 3 days later. Where a difference was found it 
was insignificant. Moreover, it was shown in the second and third experiments, 
by measuring the amount of food eaten daily, that the giving of vitamin B, 
half-weekly was not accompanied by a lower intake of food on the days when 
it was not given and a higher intake on the days when it was given, i.e: the 
effect of vitamin B, on the appetite was not confined to the day of administration. 


EXPERIMENTAL 
Preliminary experiment with the vitamin B complex 
Eight rats were prepared for this experiment by giving them a vitamin B 
(complex)-free diet until they ceased to grow. The diet consisted of: 


Physiological caseinate (Glaxo) Ba 15% 
Dextrinized rice starch 79% 
Agar-agar : sis 2% 


Salt mixture (Steenbock’s 40) ae 4% 
In addition each rat was given 6 drops of a good sample of cod liver oil twice 
a week. The rats weighed about 60 g. at the beginning of the depletion period 
and about 70 g. when they ceased to grow. They were kept 4 in a cage during 
this time, but in separate cages when doses were given. All cages were provided 
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with grids of about } in. mesh, standing 1 in. from the floor of the cage. During 
the test period the rats were weighed daily. No records were kept of amounts 
of food eaten. The daily dose of dried yeast was 0-2 g., the half-weekly doses 
were 0-6g. and, 3 days later,0-8g. All the rats were re ,ady for test on the same day. 
One of the rats given daily doses died after 10 days. The other three incre rased 
in weight by an average of 21:3 g. in 3 weeks and 23-7 g. in 25 days. The 4 rats 
given half-weekly doses made an average increase in weight of 24-2 g. in 3 weeks 
and 21-5 g. in 25 days. This was considered a good indication that the effect of 
giving doses of the vitamin B complex half-weekly was equal to the effect of 
giving doses daily. It was decided to repeat the experiment with vitamin B,. 


Average weights of groups of rats (g.) 





0 5 10 15 20 25 
Period during which doses of dried yeast 
were given (days) 
Fig. 1. Composite curves showing the increase in weight of groups of rats which had become steady 


in weight on a diet deficient in the vitamin B complex and had then been given doses of 
dried yeast (a) daily, or (b) the same total amount in half-weekly doses. 


Another point of interest was made evident when the curves of increase in 
weight of the two groups were plotted on the same graph (see Fig. 1). The rats 
that were given doses of dried yeast half-weekly increased most in weight in the 
24 hr. immediately following each dosing, but the rats which were given doses 
daily increased most in weight on the same days as the rats receiving doses 
half-weekly. Thus it was not the giving of the high, half-weekly doses that 
brought about the sudden increases in weight. The cause of the increases was 
not explained. 

A similar parallelism in the increases in weight was evident in the next two 
experiments, although the greatest increases in weight did not always occur in 
the 24 hr. following the giving of the half-weekly doses. 


First experiment with the vitamin B, adsorbate 


Twenty rats were prepared as in the last a aay Sasa except that 25 g. of 
dried brewer’s yeast autoclaved in layers about } in. deep at 120° for 6 hr. were 
added to 100 g. of the vitamin B-free diet. In this experiment records were 
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made of the amount of food eaten by each rat per day during the period when 
doses of the adsorbate were given. Twice as much food was given on Saturdays 
to save work on Sundays. 

All these rats were ready for test on the same day. Thus it was possible to 
make certain observations on the average weights and food intake that would 
have been obscured if the tests had begun on different days; these may be seen 
in Fig. 2. 

The vitamin B, powder was an adsorbate containing 2001.U. vitamin B, 
per g. The daily dose given to each of 10 rats was 0-005 g. To facilitate dosing 
the powder was diluted 1 in 10 with finely powdered dextrinized rice starch. 
To each dose weighed out on to a small dish was added about 1 ml. water to 
prevent it from being blown away. The half-weekly doses were 0-015 and 0-02 g. 
of the adsorbate respectively, measured from the same diluted sample. The 
average increases in weight of the rats (male and female) are summarized in 


Table I. 
Table I 


Av. increase in wt. in 3 weeks (g.) 


foo 7 ~ =—— oe 

5 ; 
Daily dose —11-25 (4 rats) —11-1 (6 rats) 
Half-weekly dose — 66 (5 rats) — 7:8 (5 rats) 


Since the difference between the results from the male rats was 1-68 times 
the square root of the sum of the squares of the standard errors of the two 
results, it was not significant; since for the female rats this ratio (t) was 2-37, 
the difference might be just significant. 


Doses given daily 





Averege weight of groups of rats (g.) 


w 
Ss 
a 
8 


10 15 20 
Period during which doses were given 
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Fig. 2. Composite curves of weight and daily intake of food of rats which had become steady in 
weight on a diet deficient in vitamin B, only and were then given doses of a vitamin B, 
adsorbate, (a) daily, or (b) the same total amount in half-weekly doses. Dose of vitamin B, 


sufficient to maintain life but not sufficient to produce increase in weight. 


In Fig. 2 the composite curves of growth of the rats ($ and 2 separately) 
may be seen, together with the average amounts of food eaten daily. The days 
on which the half-doses were given are indicated by arrows. From the chart 
may be seen (a) that the general slope of all 4 curves is about the same, (b) that 
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increases in weight accompany increases in food consumed, (c) that there is no 
sudden rise in the average weight of the animals or in the average amount of 
food consumed immediately after giving a large (triple or quadruple) dose of 
vitamin B,, (d) that the fluctuations in average weights of the 4 groups were 
approximately parallel. 

It was mabeaony to find that there was no real difference between the 
results of giving doses daily and half-weekly. It was, perhaps, to be expected 
that increases in weight would follow increases in food consumed. It was 
certainly unexpected to find no immediate evidence of increase in appetite after 
giving large doses of vitamin B,. It was decided to repeat this experiment, 
giving larger doses of vitamin 4 i.e. large enough to bring about an increase in 
weight, not merely large enough to maintain weight. 


Second experiment with the vitamin B, adsorbate 

The procedure in this experiment was the same as in the last, except that 
records of food eaten were kept during the preparatory period (when the rats 
were receiving no vitamin B,), as well as during the test period, and doses were 
given and rats were weighed on Sundays as well as on other days. The rats were 
kept in separate cages and weighed daily throughout the whole time. The daily 
dose of vitamin B, was 0-01 g. vitamin B, powder (200 1.v. per g.) and the half- 
weekly doses were 0-03 and 0: -04 g. alternately, all of them being diluted with 
finely ground dextrinized rice starch i in the ratio 1:1. 

The average increases in weight of the rats (¢ and 2) are summarized in 
Table IT. 
Table II. Responses of rats to doses of vitamin B, given (a) daily, and (b) half- 

weekly, the total amount given in 1 week being the same 


Av. increase in wt. in 3 weeks (g.) 


3 ¢ 
Daily dose 9-3 (3 rats) 13-7 (6 rats) 
Half-weekly dose 32-5 (2 rats) 13-3 (7 rats) 


Since ¢ for the difference between the results from the male rats was 2-73, 
it is possible that the difference is significant but it is difficult to place any 
faith in a result obtained with only 2 or even 3 rats. The difference between the 
results from the female rats was almost nil and certainly insignificant, for t was 
found to be 0-27. 

Fig. 3 shows the composite curves representing average increases in weight and 
amounts of food eaten by the different groups. From this chart may be seen: 

(a) that in the preparatory period, the amount of food eaten increased 
during the first 10 days, remained at about 9g. per day for 8 days and then 
decreased, the rate of increase in weight of the rats lessening only slightly a few 
days before doses of vitamin B, were given; 

(6) that in the test period the male and female rats given daily doses and 
the female rats given half-weekly doses increased in weight to about the same 
amount; the 2 male rats given half-weekly doses grew much more, 21 and 44 g. 
respectively, but as noted above, the difference between this group and the 
group of male rats given daily doses could be regarded as significant ; 

(c) the slow increase in weight was not accompanied by an increase in the 
amount of the food eaten; the results suggested that the amount of food eaten 
was correlated with the rate of increase in weight rather than with the absolute 
weight of the rat at any time; 
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(d) as in the first experiment, no sudden increase in weight or in food eaten 
followed immediately after giving the large half-weekly doses of vitamin B,; 

(e) in the growth curves of individual rats (not published) it was noted that 
fluctuations in weight in the different rats were almost parallel from day to day. 
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Fig. 3. Composite curves of increase in weight and daily intake of food of rats which were given 
a diet deficient in vitamin B, only and were then given doses of a vitamin B, adsorbate 
(a) daily, or (6) the same total amount in half-weekly doses. Dose of vitamin B, sufficient to 
maintain life and to bring about an increase in weight of the rats. 


This suggested the existence of undetermined external influences on the increases 
in weight, since all the rats were weighed early in the morning before giving 
them a fresh supply of food. Tourtelotte & Bacon [1935] found that temperature 
influenced the response of rats to vitamin A. It is possible that it also influences 
their response to other vitamins. 


The experiment with crystalline vitamin B, 


This was carried out in the same way as the two experiments on the adsorbate, 
the dose of crystalline vitamin B, chosen being 5y daily. The result may be seen 
in Table ITT. 

Table III 
Av. increase in wt. in 3 weeks 
(5 rats in each of the 4 groups) 





& ee ‘ 
A oO 
3 2 
Daily 26-0 (¢= 5:8) 17-6 (¢=5-3) 


Half-weekly 15:4 (o=10-9) 9-6 (¢=8-3) 
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This appears to show that giving doses daily is more effective than giving 
doses half-weekly, but since the value of ¢ (the ratio of the difference between the 
average results to the square root of the sum of the squares of the standard 
errors of those results) was 1-9 for the male rats and 1-8 for the female rats, 
this difference cannot be regarded as significant. 


SUMMARY 


_ Ina preliminary test it was found that equal supplements of the vitamin B 
complex produced equal increases in weight in groups of rats whether the doses 
were given daily or half-weekly. 

In two separate experiments with (a) a small, and (b) a larger dose of a 
vitamin B, powder, equal supplements again produced equal responses whether 
given daily or half-weekly, except in 2 groups of only 2 and 3 males respectively ; 
the difference between the results from these 2 groups was shown to be 
insignificant. 

Xecords of amounts of food eaten were made daily. No sudden increase in 
weight or increase in food eaten was observed after giving the large half-weekly 
doses of vitamin B,. 

In an experiment with doses of crystalline vitamin B, given in aqueous 
solution, daily doses produced greater increases of weight than half-weekly doses 
but the difference was not significant. 

It is concluded that, in determinations of vitamin B,, doses of the standard 
or of the substance under examination may be given half-weekly instead of daily 
in order to save much time and labour. 
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In view of the desirability of adopting a standard of reference for determining 
the flavin content of food substances, an experiment was carried out to see 
whether a graded response to graded doses of flavin could be obtained, i.e. to 
see whether a curve of response to doses of flavin could be constructed. Increase 
in weight of rats was chosen as the criterion for the measurement of the response. 
In a preliminary experiment we fully confirmed the findings of other workers 
that a supplement of 10y flavin given to rats fed on a diet containing abundance 
of vitamin B, but very little or none of the other B-vitamins, did not produce 
any increase in w eight, though it prevented loss of weight and death [Kuhn et al. 
1933, 1, 2, 3,4; Kuhn & Wagner-Jauregg, 1933; Chick dal. 1935; Gyorgyi, 1935; 
Halliday & Evans, 1937]. To produce an increase in weight another factor is 
re quired by rats. Halliday & Evans [1937] have shown this factor to be present 
in fresh liver and in an aqueous liver extract. The writer found that this “liver 
factor’? when given alone as an aqueous extract after treatment with fuller’s 

earth, in doses corresponding to 2 g. fresh liver, did not produce any increase 
in weight in the rats. When, however, both flavin and liver extract were given 
to the rats, they increased in weight rapidly. In the main experiment, therefore, 
all the rats were given a daily dose of liver extract corresponding to 2 g. fresh 
liver. It was then found that the response of the rats was graded to the ‘dose of 
flavin given. Curves of response for male and female rats respectively relating 
increase in weight in 3 weeks to dose were logarithmic in shape and of slopes 
very similar to those constructed by Coward [1933] relating increase in weight 
in 3 weeks to the dose of vitamin A given. 


EXPERIMENTAL 


Young rats weighing about 60g. were used. Since it is essential, in con- 
structing a curve of response to doses of any vitamin, to supply in liberal 
amounts all other substances necessary for the well-being of the animal, the 
basal diet used in this experiment consisted of: 


Caseinogen (physiological caseinate, Glaxo) 15% 
Dextrinized rice starch Tk fo 
Agar-agar 2% 
Salt mixture (Steenboc k’s 40) : 4% 
Vitamin B, powder (B.D.H. 100 1.v. per g., 

1.€. about 12 1.U. per rat per day) as 29, 


In addition each rat was given 6 drops of a good sample of cod liver oil 
twice a week. 
Four rats were housed in a cage about 12 in. square and 6 in. high during 
the preparatory period. Each rat was housed in a separate cage 9 x 12 x 6 in. 
( 314 ) 
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during the time that doses were given. All cages were provided with grids of 
wire mesh standing about 1 in. from the floor. 

The rats were weighed after 1 week of feeding on the basal diet, then twice 
a week and more frequently when they were becoming steady in weight. 
During the time that doses were given in the preliminary experiment, the rats 
were weighed daily, but in Exps. 1 and 2 they were weighed twice a week. On 
an average the rats ceased to grow after about 30 days, the males reaching an 
average weight of 82 g. and the females 75 g. They were considered ready for 
experiment when they had been steady in w eight, or declining slightly, for more 
than 8 days. 

Preliminary experiment 

A preliminary experiment was carried out to determine (a) whether the 
basal diet chosen was suitable for this work, (6) how much of the B factors other 
than vitamin B, and flavin were necessary in order to obtain the maximum 
response to the graded doses of flavin to be given in the main experiment, i.e. to 
obtain the steepest possible curve of response. Four groups of 6 rats each were 
prepared by feeding them on the basal diet until they became steady in weight. 
The different groups were then given: 

Group 1. No supplement. 
» 2. 10y flavin daily. 
3. 1 ml. of a liver extract daily (=2 g. fresh liver). 
4. 10y flavin+1 ml. liver extract daily. 

Flavin. A solution of lactoflavin kindly supplied by the A/S Ferrosan, 
Copenhagen, was used. It was said to contain about 500y lactoflavin per ml. 
(dete rmined photochemically as lumiflavin), a little vitamin B, and that part 
of “vitamin B,” which is adsorbed with flavin on the fuller’s earth used in its 
preparation from whey. The solution had been sterilized by filtration, and to it 
had been added 0-2 % tricresol. It was stored in brown sealed ampoules in the 
dark. 0-02 ml. of this solution containing 10y was given directly into each rat’s 
mouth from an Ayla syringe fitted with a blunt injection needle. 

Liver extract. The liver extract was prepared from hog’s liver. The liver was 
minced, extracted with cold water containing 2 ml. VN H,SO, per 1. (4 1. to 1-2 kg. 
liver), hes ited almost to boiling-point and, afte sr cooling, was filtered on a Biic hne: or 
funnel and washed. This was repeated three times; the combined extracts were 
concentrated in vacuo to 1 1., and the pH was adjusted to 4-0-4-5 with NV H,SO,. 
This extract was intimately mixed with 250 g. fuller’s earth specially pre pared 
for adsorption purposes, and was allowed to stand at 0° until next day, during 
which time it was stirred frequently. The fuller’s earth was then filtered off on 
a Biichner funnel and washed with water; the filtrate was again treated with 
250 g. fuller’s earth with stirring for 24 hr. as before. It was again filtered and 
washed. The filtrate was concentrated in vacuo to such a volume that 1 ml. 
solution corresponded to 2 g. fresh liver. Four such preparations were made 
during the course of this investigation. The dose given to each rat was considered 
to be quite sufficient and there was no evidence in these experiments that any 
one of the extracts was less potent than the others. 

In Fig. 1. are drawn the composite weight curves of the 4 groups of rats. 
It may be seen that: 

(a) the basal diet is satisfactory since the rats, after the first 4 days, lost 
weight steadily; one of the six rats in this group died after 8 days; 

(6) the dose of flavin chosen, 10y, maintained the weight of the rats for 
21 days; 
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(c) the dose of liver extract, 1 ml., equivalent to 2 g. fresh liver, maintained 
the weight of the rats for 21 days; 

(d) the rats which were given doses of both flavin and liver extract grew 
rapidly, 28 g. in 21 days. 


28 
26 
24 
2 


Average increase in weight of rats 





—" 


4 a 11. A+ 4 4 4 4 + 4 tt 
P23 45678 FRU BHEBW bP DA 2 
Duration of experiment (days) 
Fig. 1. Average increase in weight of rats given basal diet: (1) with no supplement, (2) with 
a supplement of 10y flavin, (3) with a supplement of 1 ml. liver extract (=2 g. fresh liver), 
(4) with a supplement of 10y flavin +1 ml. liver extract. 


The fact that neither flavin alone nor the liver extract alone produced any 
increase in weight, while the two combined did produce an increase in weight, 
confirms the findings of the workers mentioned at the beginning of this paper. 
It indicated that the preparations available (basal diet, liver extract and flavin 
solutions), were suitable for the attempt to construct a curve of response to 
graded doses of flavin. 

Experiment 1 

Forty rats were prepared as in the preliminary experiment. They were then 
divided into 6 groups and given graded doses of flavin, every rat of any one 
group being given the same dose. 


Group 1. No dose. Group 4. 5-Oy flavin. 
» 2. 1-0y flavin. » 5. 10-0y flavin. 
» 93 2-5y flavin. » 6. 20-0y flavin. 


Every rat of each group received 1 ml. of the liver extract daily. 

The average increases in weight of the male and female rats respectively in 
each group were calculated. The results are summarized in Table I. It may be 
seen that the response is graded to the dose of flavin given. Moreover, when 
the responses are plotted against the logarithms of the doses of flavin given, the 
curves for both male and female rats are straight lines (Fig. 2). The equations 
representing the best straight lines drawn between the points relating increase 
in weight and the logarithms of the doses of flavin given were found to be: 


y=2-95+24-04¢ (male rats), 
y=5-53+15-85a (female rats). 
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Table I. Average increase in weight in 3 weeks of groups of rats 
given graded doses of flavin 


Dose of Av. increase in 
No. of flavin wt. in 3 weeks 
Sex rats Y g. 
3 5* 0 -7-3 
5t 1-0 6-25 
5 2-5 6-5 
5 5-0 19-8 
5 10-0 27-8 
5 20-0 36-2 
9 2 0 —8-5 
3t 1-0 9-0 
3 2-5 0 
3T 5-0 17-5 
3 10-0 23-0 
3 20-0 27-0 


* Two rats of this group died within 14 days. 
+ One rat from each of these groups died before the end of the experiment and has not been 
included in the average increase in weight. 








Average increase in weight of groups of rats in 3 weeks 


0-1 0-3 05) «60-70 (09 Il 1-3 15 
0-2 O4 O06 08 1-0 1-2 1-4 


Logarithm of dose (y) of flavin given daily 

Fig. 2. Curves of response of (a) male, and (6) female rats relating mean increase in weight in 
3 weeks and the logarithm of the dose of flavin given daily. x Males. @ Females. 

Tt y . . . . . . . 
Therefore the equations representing the curves relating increase in weight in 
3 weeks and doses of flavin given are: 

y=2-95+ 24-04 log x (male rats), 

y=5-:53+ 15-85 log x (female rats). 

It is interesting to note that the slopes of these curves are very similar to 

the slopes of the curves relating increase in weight in 3 weeks and doses of 
vitamin A given, found by Coward [1933]. 
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The curves of response may be used for determining the flavin content of 
a substance, just as the curves for other vitamins are used. One dose of the 
standard and only one dose of the substance under examination need be 
tested, the relative values of the doses being calculated from the abscissae of 
the curves (for male and female rats) corresponding to the increases in weight 
produced by the doses. 

Experiment 2 

One determination of the flavin content of a food substance, fresh un- 
pasteurized Jersey milk, was made by this “‘increase in weight”? method. Four 
groups of rats were prepared as above and given the following daily doses, every 
rat of any one group being given the same dose. 





Group 1. 7-5y flavin. Group 3. 5 ml. milk. 
2. 30-0y flavin. » & 10mli. milk. 


29 

This experiment was begun before it was known what the response to 20y 

flavin might be. The doses of milk were chosen from the statements in the 

literature that milk contains about ly flavin per ml. It was hoped that the 
responses to the 2 doses of milk would lie on the curves (for male and female 

rats) obtained from the doses of flavin given in this experiment. The results | 

are summarized in Table IT. | 


Table Il. Average increases in weight in 3 weeks of 2 groups of rats given graded 
{ { f I f g 
doses of flavin and of 2 groups given graded doses of Jersey milk 





No. of Av. increase 
Sex rats Dose in wt. (g.) 

Flavin 3 5 T5y 21-6 
5 30-0y 38-4 } 

2 1 7T-5y 14-0 

3 30-0 23-0 

Milk 3 3 5-0 ml. 23-6 
3 10-0 ml. 48-0 | 

Q 4 5-0 ml. 37°7 

3 10-0 ml. 35:3 


The curves of response relating increase in weight in 3 weeks and doses of 
avin were found in this experime eC: 
fl found in this experiment to b 


y= —2-8+27-9 log x (male rats), 
y=+0-9+14-9 log x (female rats). 


It is evident from the coefficients of x that these curves have very nearly the 
same slopes as the curves in the first experiment. They are not in exactly the 
same positions, however, which is good evidence that there are fluctuations in 
the responses of animals at different times to the same doses of flavin, even 
when the preparation of the animals is as nearly standardized as possible. This 
emphasizes the need for a simultaneous test on a standard preparation of flavin 
whenever the flavin content of a substance is to be determined biologically. 
It is impossible to determine the flavin content of a substance by an animal 
response without a simultaneous test of a standard. 

The flavin content of the milk was determined by the following calculation. 
Since only a small number of rats was available for the test, a combined curve 
of response for the male and female rats which were given doses of 7-5 and 30y 
flavin was constructed. The responses of the male and female rats given each 


——————— 
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dose of flavin were averaged without taking into consideration the number of 
male or female rats in each group. Thus the final average response to each dose 
was calculated as if from equal numbers of male and - female rats. The curve 
was found to have the following shape: y= —0-9+21-4 log x. The results from 
the 2 doses of milk were treated similarly. The average response of the rats 
given 5ml. milk at the same time that the doses of flavin were being tested 
was 30-6 g., that of the rats given 10 ml. was 41-6 g. The abscissa of the combined 
curve corresponding to an increase in weight of 30-6 g. was 29-6; therefore 5 ml. 
of milk contained 29-6y flavin and 1 ml. apparently contained 5-9y flavin. 
Similarly the abscissa corresponding to an increase of 41-6 g. was 96-8; 

therefore 10 ml. of milk contained 96-8y flavin, and 1 ml. appare ntly contained 
9-7y flavin. Considering the small number of rats used for each dose of milk 
(7 for the dose of 5 ml. and 6 for the dose of 10 ml.), these results may be 
considered to be in fairly good agreement, and the average value may be 
expressed as about 7-8y flavin per ml. 


The accuracy of the method 


The standard deviation of a single observation was determined from all 
groups of animals that had received 1 ml. liver extract per day. There were 
45 male rats in 10 groups containing more than | rat per group and 22 female 
rats in 8 groups containing more than 1 rat per group. o for the male rats was 
found to be 7-65 and = the female rats 5-44. The probable error of deter- 
minations made with 2 groups of 10 rats each, one group being used for the 
standard and the other for the test substance, was calculated from the standard 
deviation and the slope of the curve of response. It was found that with these 
numbers, if male rats were used for the test, the probable error was +24-2 
or —19-5°%. With female rats, the probable error was + 26-5 or —20-9°%. This 
degree of accuracy compares favourably with that of the 3 weeks’ increase in 
weight method for determining vitamin A as used in this laboratory. 


Dermatitis 


The rats given no dose or only a small dose of flavin in this experiment (but 
given the liver extract) developed dermatitis to a degree equal to that designated 
stage I or II by Halliday & Evans [1937]. Their fur became greasy, their forelegs, 
ears and sometimes the whole head became blood-stained. These signs were 
sometimes apparent when the rats were considered ready for the test, i.e. when 
they had become steady in weight; sometimes the signs were manifest only 
towards the end of the dosing period. The larger doses (10, 20 or 30y) of flavin 
cured or prevented this condition. It is, however, uncertain whether this was 
due to the flavin or to some impurity in the flavin solution. Milk also cured or 
prevented the development of dermatitis. Loss of hair on the backs and forelegs 
accompanied the development of dermatitis and was also cured by the larger 
doses of flavin solution. Post-mortem examination (macroscopic) of all the rats 
revealed no specific lesions. The rats which had received no flavin, or only small 
doses, looked thin and ill-nourished. 


SUMMARY 


A preliminary experiment indicated that, with the basal diet used, a large 
daily dose of flavin (10y) or a large daily dose of liver extract (equivalent to 
2 g. fresh liver) prevented loss of weight and death of young rats for 3 weeks 
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after they had ceased to put on weight on the basal diet alone. Other rats given 
doses of both flavin and liver extract not only lost no weight but grew rapidly. 

A curve of response was constructed relating increase in weight to dose of 
flavin given, all the rats being given daily doses of liver extract equivalent to 
2 g. of fresh liver. Groups of 7 or 8 rats were given daily doses of 0, 1-0, 2-5, 5-0, 
10-0 or 20-Oy flavin, and the average increases in weight of male and female 
rats respectively were calculated and plotted against the logarithms of the doses 
of flavin given. 

The curves of response were found to be represented by the equations 


y=2-95+ 24-04 log x (male rats), 


5 
y=5:53+ 15-85 log x (female rats). 


The standard deviations of the responses of male and female rats were found 
to be 7-65 and 5-44 respectively. The probable error of the test (1 chance in 2) 
was found to be +24-2 or —19-5% for the male rats and +26-5 or —20-9% 
for the female rats. 

One sample of milk (fresh unpasteurized Jersey) was found by this “‘increase 
in weight”’ method to contain 7-8y flavin per ml. 

Dermatitis of a mild degree developed in the rats given no dose, or only 
a small dose, of flavin; it was cured or prevented by the larger doses of flavin 
preparation or by milk. 
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WartTER extracts of frozen tumour tissue will produce lactic acid for a short time 
if adenylpyrophosphate is added [Boyland & Boyland, 1935, 2], and for longer 
periods from glucose, glycogen, hexosediphosphate or hexosemonophosphate if 
cozymase is added in addition to a trace of hexosediphosphate [Boyland e¢ al. 
1937]. The transient glycolysis obtained when adenylpyrophosphate alone is 
added is dependent upon the cozymase originally contained in the tumour 
tissue. The rate of glycolysis by such extracts is increased by adding adenylic 
acid. Fructose is converted into lactic acid as rapidly as or more rapidly than 
glucose in extracts, but tissue slices always attack glucose more rapidly than 
fructose. 

The inhibition of carbohydrate breakdown by tumour slices by dl-glycer- 
aldehyde was described by Mendel [1929]. A similar inhibition is now shown to 
take place with tumour extract, dried yeast or dialysed muscle extract. 


EXPERIMENTAL 

Tumour extracts were made by freezing and grinding the tissue in a mortar 
cooled in freezing mixture, adding an equal volume of glass-distilled water and 
refreezing the mixture. The extract was separated from the tissue debris by 
centrifuging while the frozen mass thawed. Samples of the extract, usually 
1 ml., were incubated with the various substrates and 0-2°% NaHCO, in the 
Warburg apparatus in an atmosphere of 95% N,+5°% CO,. After preliminary 
shaking, the coenzymes were tipped in from the side bulbs and manometer 
readings taken at 5 min. intervals. At the end of the incubation period trichloro- 
acetic acid was added and lactic acid estimated by Lohmann’s method [1928] in 
the deproteinized solutions. Precipitation with copper-lime was avoided. Figures 
for lactic acid production in this paper are taken from the chemical estimations 
except for a few experiments with tissue slices with glucose or fructose as 
substrates. The manometric readings were used to follow the speed of the 
reaction. Manometric readings are unreliable when hexosephosphates are 
present as it is impossible to compensate for CO, evolution or retention by the 
degradation products of the esters when it is not known what these products 
are. For this reason it is impossible to interpret the results of B. E. Holmes 
[1937] on hexosediphosphate breakdown in tumour tissue, as no indication is 
given when the chemical method of estimation was used in the experiments with 
hexosephosphates. 


Glycolytic extracts from different tumours 
Previously actively glycolysing extracts of the Crocker sarcoma 180 have been 
described but the same technique applied to other grafted tumours has given 
extracts with varying activity. The lactic acid production from glucose and 
fructose by different tumour extracts is shown in Table I. 
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Table I. Lactic acid formation by extracts of tumours 


1 ml. extract with addition of 1 mg. cozymase, 1 mg. adenylic acid, hexosediphosphate 
(0-01 mg. P), 3 mg. NaHCO,. Total volume 1-5 ml. 







mg. lactic acid formed in 
30 min. in 2 ml. extract from 








slucose 10 mg. fructose 





Tumour extract 10 mg. 


g 





Mouse sarcoma Crocker 180 77 8-7 
93 1-9 5-2 
Mouse sarcoma 37 4:8 6-8 
4-0 4:8 

Mouse carcinoma 63 0-8 1-6 
a ye 2-0 2-4 
Walker rat carcinoma 256 0:6 1-0 






The difference in activity is most probably due to differences in the relative 
strengths of the enzymes destroying the coenzymes and those producing lactic 
acid; for example it was shown [Boyland & Boyland, 1935, 1] that J.R.S. 
extracts rapidly attack nucleotides. In most cases in which the same extract 
was allowed to act on glucose and fructose more lactic acid was produced from 
fructose, but there was no constant relationship between fructolysis and 
glucolysis. 









Action on different carbohydrates 






The amounts of lactic acid formed by extracts and slices of the Crocker 
sarcoma 180 and of sarcoma 37 on incubation in the Warburg apparatus with 
different carbohydrates are shown in Table II. The lactic acid production by 







Table II. Lactic acid formation by slices and extracts from various substrates 





Incubated in 2 ml. Ringer, 1 ml. extract with additions as in Table I 





mg. lactic acid formed in 30 min. by 


















Crocker sarcoma 180 Sarcoma 37 
2 ml. 2 ml. 
lg.slices extract with 1g.slices extract with 
Substrate in Ringer additions in Ringer additions 
None added 0-05 1-0 0-2 0-6 
20 mg. glucose 6-2 et 6-5 4-0 
20 mg. fructose 2-0 8-7 2-7 4:8 
10 mg. glucose + 10 mg. fructose 6-0 76 — 3°9 
20 mg. mannose 6:3 6:8 — 4-0 
20 mg. glycogen 0-05 7-2 0:3 4-0 
Hexosemonophosphate 0-1 7-4 0-4 38 
(=20 mg. carbohydrate) 

Hexosediphosphate 0-2 7-0 0-7 3°7 






(=20 mg. carbohydrate) 







extracts from glucose, mannose, glycogen, hexosemonophosphate and hexose- 
diphosphate is the same within the limits of the experimental technique. 
Fructose is generally more rapidly broken down, but with a mixture of glucose 
and fructose lactic acid is produced at nearly the same rate as with glucose 
alone. Slices produce lactic acid rapidly from glucose and mannose or from a 
mixture of glucose and fructose. Glycogen is not glycolysed at all by slices 
presumably because it is non-diffusible. Hexosemonophosphate and hexose 
diphosphate are also not glycolysed and in the case of these phosphoric esters 
it can be shown that this is due to their inability to penetrate into the cells. 
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While fructose is the carbohydrate more rapidly glycolysed by extracts, it is 
attacked at less than a third as rapidly as glucose by tumour slices [cf. Dickens 
& Greville, 1932]. That this difference between glucolysis and fructolysis in slices 
is due to a relatively slow diffusion of fructose into the cells is indicated by 
experiments described below. 


Zymohexase activity of slices and extract 


Although tumour slices do not readily form lactic acid from hexosediphos- 
phate they show zymohexase activity, i.e. they convert this ester into triose- 
phosphate. If hexosediphosphate alone is incubated with tumour extract triose- 
phosphate is formed and remains as such, but if cozymase is added some of the 
triosephosphate is further broken down. The rates of formation of triosephosphate 
as estimated by the amount of alkali-labile phosphate formed from hexose- 
diphosphate by slices of Crocker sarcoma 180 and by different dilutions of an 


0-3 


0-1 


mg. alkali-labile phosphate 





Nm 


0 | 
Time (hr.) 
Fig. 1. Triosephosphate formation by Crocker 180. Total volume 2 ml. containing hexosediphos- 
phate (1-5mg. P). Curves: A, 0-20 ml. extract; B, 0-05 ml. extract; C, 0-012 ml. extract; 
D, 0-003 ml. extract; #, 200 mg. slices. 


extract of the same tumour are shown in Fig. 1. It will be seen that the zymo- 
hexase activity of 200 mg. slices is almost identical with that of 1/16 of the 
equivalent amount (0-2 ml.) of extract diluted to the same volume (2 ml.) as 
that in which the slices were suspended (i.e. 0-006 ml. extract per ml.). The 
curve showing the reaction of triosephosphate with time is identical in form in 
the case of slices (curve #) and 16 x diluted extract (curve C). 


Rate of diffusion of hexosediphosphate and hexosemonophosphate 
into tumour slices 


Table III shows the results of some experiments in which tumour slices were 
incubated with hexosediphosphate and with glucose. At the end of the in- 
cubation period the slices were removed from the vessels, quickly rinsed in 
tinger’s solution and extracted with trichloroacetic acid. Trichloroacetic acid 
was also added to the Ringer’s solution in which the slices had been suspended 
and estimations of free phosphate and alkali-labile (i.e. triose) phosphate were 
made in both extracts. It will be seen that the concentration of tridsephosphate 
is much lower in the slices than in the surrounding medium, showing that the 


21—2 
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Table III. Distribution of triosephosphate 


200 mg. slices in 2 ml. Ringer containing 4 mg. NaHCO, incubated in N, +5% CO, for 1 hr. 






Concentration of phosphate 
(mg. P per g. or ml.) after 1 hr. 
























c a 
In slices In Ringer 
co poutine queen - — a — 
Alkali- Alkali- 
Free labile Free labile 
phos- (triose)- phos- (triose)- 
Tumour Substrate phate phosphate phate phosphate 
Crocker None 0-19 0-02 0-021 0-000 
200 mg. glucose 0-10 0-00 0-015 0-000 
Hexosediphosphate 0-31 0-01 0-030 0-132 
(=20 mg. carbohydrate) 
Unincubated 0-18 0-00 as 
Carcinoma 63 None 0-08 0-00 0-002 0-001 
20 mg. glucose 0:07 0-00 0-001 0-000 
Hexosediphosphate 0-14 0-01 0-001 0-060 
(=20 mg. carbohydrate) 
Unincubated 0-14 0-02 








hexosediphosphate diffuses at most very slowly into the tissue. The triose- 
phosphate found in the solution is therefore most probably formed by the 
injured cells on the surface of the tumour slices. The evidence that hexose- 
monophosphate does not diffuse into tissue slices is not quite so direct. We have 
shown [Boyland et al. 1937] that hexosemonophosphate is partially converted 
into triosephosphate by extracts in the presence of cozymase. There is no 
triosephosphate formation by slices from hexosemonophosphate. If there were 
any diffusion of hexosemonophosphate or triosephosphate into the intact cells 
some alkali-labile phosphate would be found after incubation. Even if cozymase 
is added to the Ringer no triosephosphate is formed from hexosemonophosphate 
(Table IV). 
Table IV. Lactic acid and triosephosphate formation by 
slices of Crocker 180 


100 mg. slices incubated in 2 ml. Ringer 
So o 






















mg. lactic acid formed Alkali-labile (triose)phosphate 
per g. in 1 hr. mg. P 
uo eccenoaeenasi ainenidiinaiiaii _ _ —, a —$$—_— eee _ 
No 1 mg. cozymase + No 1 mg. cozymase + 
Substrate addition 1 mg. adenylicacid addition 1 mg. adenylic acid 

None 0-2 0-02 — 
Glucose 13-0 - 0-02 
Hexosemonophosphate 0-3 0-4 0-01 0-01 
Hexosediphosphate 0-4 0-4 0-22 0-19 


The effect of dilution of extracts on their glycolysis 





The enzyme exposed on the cut and injured cells of tumour slices converts 
hexosediphosphate into triosephosphate but not appreciably into lactic acid even 
if cozymase be added to the surrounding Ringer’s solution (see Table V). This is 
due to dilution of the enzyme in the suspension so that it is no longer active. 
The results of two typical experiments showing the effect of diluting tumour 
extracts on their glycolysis are shown in Fig. 2; in all cases the concentrations 
of coenzymes and of hexosediphosphate are the same. At dilutions from 
4 to 6x the extract produces more lactic acid than the undiluted extract 
because relatively more cozymase is available and the reaction goes on for a 












errr 
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Table V. Lactic acid formation by slices of Crocker 180 


200 mg. slices incubated in 2 ml. Ringer (or 1-5 ml. Ringer +0-5 ml. boiled muscle extract) 


mg. lactic acid formed per g. slices in 1 hr. 


No i mg. cozymase+ 0-5 ml. boiled muscle 
Substrate addition 1 mg. adenylic acid extract 
None added 1-1 1-0 1-0 
20 mg. glucose 17-6 — 16-5 
Hexosediphosphate 1-3 1-2 
(=20 mg. carbohydrate) 
Hexosemonophosphate 1-3 1-1 1-2 
(=20 mg. carbohydrate) 
2 75 
¥ 
= 5-0 
nO 
mt 265 
oh 
5 0 1 I L a. Ay 
z 4 8 16 32 


ml. undiluted extract in 2 ml. 


Fig. 2. Lactic acid formation by diluted extracts. 10 mg. glucose, hexosediphosphate (0-01 mg. P), 
1 mg. cozymase, 1 mg. adenylic acid, 3 mg. NaHCO . Total volume 1-5 ml. 


undiluted extract 


mg. lactic acid 


ml, 


» 


per 


0-125 and 0-06 ml 





0 20 40 60 
Time (min.) 
Fig. 3. Effect of dilution on lactic acid formation by extracts of Crocker 180. Exp. as Fig. 2. 
Figures refer to ml. undiluted extract in 1-5 ml. solution. 
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longer time (see Fig. 3). If the enzyme be diluted more than 12x (0-08 ml. 
original extract per ml.), however, the production of lactic acid ceases (Fig. 2). 
As it was shown that the zymohexase activity of tumour slices was approxi- 
mately equivalent to an extract containing 0-006 ml. original extract per ml. it 
appears that slices produce no lactic acid because the exposed enzyme is diluted 
beyond its effective concentration. 

If the extract is diluted with boiled muscle extract or boiled tumour extract 
the fall in activity on dilution does not occur (Table VI). This is similar to the 


Table VI. Effect of boiled tissue extracts on glycolysis of 
diluted tumour extracts 


Extract incubated with 20 mg. glucose, 1 mg. adenylic acid, hexosediphosphate 
(0-01 mg. P), 4 mg. NaHCO, 


mg. lactic acid formed per ml. original extract 








1 mg. 1 mg. 
cozymase + cozymase + 
0-5 ml. 0-5 ml. 0-5 ml. 0-5 ml. 
ml. original boiled boiled boiled boiled 
extract No 1 mg. muscle muscle tumour tumour 
Exp. in 2 ml. addition cozymase extract extract extract extract 
1 1 1-6 6-8 2-5 7-6 - - 
0-25 0-2 12-6 5-6 13-4 -—~ - 
0-062 0-1 3-7 13-2 13-5 - - 
2 1 2-5 11-1 — 59 13-2 
0-25 3-5 7:3 - — 22-0 20-5 
0-062 4-0 5-0 — 15-4 16-0 15-6 


result obtained by Kendal & Stickland [1937] on dilution of muscle extract’ 
and is another point of similarity in the glycolytic mechanisms of muscle and 
tumour tissue. 


Glycolysis of mixtures of glucose and fructose 
The lactic acid production by slices and extracts from glucose and fructose 
and mixtures of these are given in Table VII. The high rate of glycolysis occurring 
with fructose in extracts is reduced to the glucose level if one-quarter of the 


Table VII. Lactic acid formation by Crocker 180 slices and 
extract from glucose and fructose 


Conditions as in Table I 


mg. lactic acid formed 


Glucose Fructose per g. slices or 

Tumour mg. mg. 2 ml. extract 
Extract 20 0 4-4 
15 5 4-6 
10 10 4-6 
5 15 4-9 
0 20 8-5 
Slices 20 0 . 15 
10 10 6-9 
0 20 2-2 


fructose is replaced by glucose. It is of interest to compare this effect with the 
fermentation of these sugars by yeast juice. Yeast juice with phosphate ferments 
fructose more quickly than glucose but an increase in the rate is obtained when 
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only 2-5 % of the glucose is replaced by fructose [Harden & Henley, 1921]. The 
effect of fructose in tumour glycolysis is therefore quantitatively different from 
that of fructose on fermentation by yeast juice. 


Effect of change of sugar concentration on glycolysis by slices 


If the difference between fructolysis and glycolysis in slices is due to differ- 
ence in their rates of diffusion then the low fructolysis should increase with 
increasing fructose concentration. That this is the case is shown in Fig. 4 in 


Glucose e 


mg. lactic acid formed per g. slices 





0-2 0-5 1-5 5 10 
% hexose 
Fig. 4. Effect of concentration of substrate on the glycolysis of slices of Crocker 180. 150 mg. 
slices incubated in 2 ml. Ringer with 4 mg. NaHCO, and various concentrations of glucose 
and fructose. Lactic acid formation determined manometrically. 


which lactic acid formation by tumour slices with different concentrations of 
glucose and fructose is shown. While the optimum concentration for glucolysis 
is about 0-2°%%, fructose breakdown increases with increasing concentration up 
to 10% and this appears to be due to the increased diffusion of fructose into the 
cells at the higher concentrations. 

It therefore appears that all the differences in lactic acid production in 
tumour slices and extract from different carbohydrates shown in Table II are 
due to differences in rates of diffusion of these carbohydrates. 


Effect of glyceraldehyde on glycolysis in muscle extract and 
on fermentation of dried yeast 


Adler et al. [1937] have shown that dl-glyceraldehyde inhibits fermentation by 
washed dried yeast, and glycolysis by dialy sed muscle and brain extracts and 
by tumour slices, of carbohydrates, but not of he »xosediphosphate. The result 
with muscle extract is contrary to the findings of E. G. Holmes [1934] who has, 
however, published no details of his experiment. Table VIII shows the inhibitory 
effect of dl-glyceraldehyde on glycolysis of glycogen and starch by dialysed 
muscle extract. Undialysed muscle extract is only slightly inhibited even by 
high concentrations of glyceraldehyde. It is probable that some dialysable con- 
stituent of muscle extract combines with the glyceraldehyde and prevents its 
inhibitory action. Mendel e¢ al. [1931] showed that the action of glyceraldehyde 
is reversed by pyruvate. The dl-glyceraldehyde inhibits the enzymes causing 
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Table VIII. Effect of dl-glyceraldehyde on glycolysis of rat muscle extract 
1 ml. extract, 3 mg. adenylic acid, 3 mg. NaHCO,;—volume 1-5 ml. 


mg. lactic acid formed 
per ml. in 1 hr. with 
added glyceraldehyde Free phosphate 





mg. present after 1 hr. 
—_- —— mg. P 
Exp. Type of extract Substrate 0 6 12 FF 
1 Undialysed None added 0-4 0-5 0-9 
10 mg. glycogen 5-7 — 3-4 
Dialysed 1 hr. + 17/30 None added 0-2 0-3 0-8 
phosphate buffer 10 mg. glycogen 2-6 1-6 0-8 
10 mg. starch 2-0 0:3 0-7 - 
Without 6 mg. 
glycer- glycer- 
aldehyde aldehyde 
2 Dialysed 30 min. None added 0-1 : - 0-135 — 
10 mg. glycogen 2-5 0-6 0-100 0-155 


esterification of carbohydrates; it does not act only on hexokinase, for it 
inhibits glycogen breakdown in muscle and tumour extracts, which do not 
require addition of hexokinase to activate them. Phosphate estimations on 
muscle extracts incubated with glycogen with and without dl-glyceraldehyde 
(Table VIII), show that more free phosphate is present when glycolysis is 
inhibited by glyceraldehyde, i.e. less glycogen is esterified. 

The fermentation of glucose by unwashed dried yeast and the esterification 
of phosphatase are completely inhibited by 20 mg. glyceraldehyde per ml. (Table 
IX). Adler et al. [1937], using washed dried yeast, obtained about 70 % inhibition 
with 8-7 mg. glyceraldehyde per ml., and 50% inhibition with 5-6 mg. per ml. 








Table IX. Effect of dl-glyceraldehyde on the fermentation of dried yeast 


30 mg. dried brewer’s yeast in 0-5 ml. M/30 phosphate buffer 





pl. CO, evolved in 60 min. Change in free phosphate (mg. P) 
Without 10 mg. ~ Without 10 mg. 
Substrate glyceraldehyde glyceraldehyde glyceraldehyde glyceraldehyde 
Glucose + 3600 -4 —0-72 +0-06 
Hexosediphosphate + 240 +242 — — 


Table X. Effect of dl-glyceraldehyde on glycolysis by Crocker 180 


Addition as in Table I 
mg. lactic acid formed in 30 min. 
per 2 ml. extract or 1 g. slices 


— 
Without 4 mg. 

Material Substrate glyceraldehyde glyceraldehyde 
Extract None added 0-1 0-0 
10 mg. glucose 3-2 0-2 
10 mg. fructose 4-0 0-9 
10 mg. glycogen 3°3 0-2 
Hexosemonophosphate (1-5 mg. P) 3-6 3°8 
Hexosediphosphate (3-5 mg. P) 2-8 31 
Slices (200 mg.) 20 mg. glucose in 2 ml. 73 1-6 


Effect of glyceraldehyde on glycolysis of tumours 


Lactic acid formation from glucose, glycogen and fructose in extracts of 
Crocker 180 is inhibited by dl-glyceraldehyde, but that from hexosemono- 
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phosphate and hexosediphosphate is unaffected. This is in agreement with the 
findings of Adler et al. [1937] with extracts of other tissues. Glycolysis by tumour 
slices is also inhibited (see Table X). 


DIscussION 


The experimental results described in this paper show that the intermediate 
processes in glycolysis by tumour tissue are exactly analogous to those of 
muscle. Tumour extract differs from muscle extract in glycolysing both glucose 
and glycogen and in containing nucleotidases which destroy necessary coenzymes. 
The high rate of glycolysis found in the tumour extracts is due in part to the 
presence of phosphatases which liberate free phosphate from substances present 
in the extracts. 

Needham & Lehmann [1937] put “forward evidence that the glucose break- 
down in embryo cannot go through the phosphorylation route” and “‘suggest 
that glucose breakdown in brain and tumour cannot to any great extent go 
that way either’’. These workers could not demonstrate the existence of cozymase 
in embryo but they did not use apozymase for its detection. As cozymase is the 
coenzyme for apozymase its estimation is more conclusive when this method 
is used. They also used methods of isolation which would be expected to give 
very small amounts of cozymase in the final solution used for the test. Tumours 
contain adenylpyrophosphate [Boyland, 1932] and cozymase [Boyland ef al. 
1937] but both these are destroyed by tumour extracts. 

Needham & Lehmann [1937] found that hexosediphosphate was converted 
into triosephosphate by embryo and concluded that the hexosediphosphate must 
diffuse into the cell and there be acted on by zymohexase. In the analogous case 
of tumour slices hexosediphosphate is changed into triosephosphate, but this 
must be due to enzymes attached to the cut cells on the surface of the slices. In 
the case of tumour slices the slow glycolysis of hexosemonophosphate and 
hexosediphosphate is due to the inability of the phosphoric esters to penetrate 
into the tissue. Needham & Lehmann occasionally obtained glycolysis of 
hexosediphosphate and glycogen with embryos. Recent estimates of the mole- 
cular weight of glycogen ‘adios ate that it is of the order of 3,000,000 so that 
glycogen would not be expected to pass through the cell wall. It is therefore 
probable that the breakdown of glycogen occurred outside the cells and it is 
possible that this also occurred with hexosediphosphate. 

Glycolysis in embryo, tumour, and other tissues is inhibited by NaF and by 
dl- glyce raldehyde, NaF is known to inhibit the conversion of phosphoglyce ric 
acid into phosphopyruvic acid and results in the present paper show that dl- 
glyceraldehyde inhibits esterification of glycogen and glucose with phosphate. 
Needham & Lehmann [1937] found that 1/200 NaF completely inhibited the 
action of minced embryo on phosphoglyceric acid while only inhibiting the 
glycolysis by 50%. It seems most probable that the phosphoglyceric acid would 
be attacked outside the cells by such enzyme as was available because of cell 
injury, in which condition the enzyme would be more exposed to the action 
of NaF. The glycolysis probably proceeded within the cells where the concen- 
tration of NaF would be lower and consequently the inhibition of glycolysis only 
partial. Inhibition by these reagents, which act on different parts of the normal 
glycolytic mechanism, indicates that the glycolysis involves esterification with 
phosphate. 

The nature of the intermediate processes in glycolysis is almost impossible 
to determine by examination of the whole cells because the substances attacked 
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depend not only upon the enzymes present but also on the diffusibility of the 
substances into the cell. This is illustrated by the difference in the actions of 
tumour slices and tumour extract on glycogen, fructose and glucose. All these 
substrates are rapidly glycolysed by extracts, but glycogen gives no lactic acid 
with tumour slices because of its non-diffusibility. Fructose is only slowly 
attacked by slices because it diffuses slowly while glucose is apparently readily 
diffusible. The different rates of diffusion of glucose and fructose are analogous 
to those found by Hopkins [1931] for Sauterne yeast. The diffusion rates of 
different carbohydrates and other substances into tumour tissue are being further 
investigated. 
SUMMARY 
1. Extracts from the mouse sarcomas Crocker 180 and Sarcoma 37, mouse 
carcinoma 63 and rat carcinoma Walker 256, produce lactic acid from glucose 
and fructose if cozymase, adenylic acid and a trace of hexosediphosphate are 
added. 

2. Extracts of these tumours rapidly glycolyse glycogen and hexosephos- 
phates while slices of the same tumours do not, because of the non-diffusibility 
of these substances. 

3. Slices of tumour tissue convert hexosediphosphate into triosephosphate. 
The distribution of triosephosphate in tumour slices and in the surrounding 
fluid indicates that the triosephosphate is formed outside the cells, presumably 
by the action of such enzyme as is exposed in cut and injured cells of the slices. 

4. Tumour extracts diluted so as to show the zymohexase activity equivalent 
to the suspended slices do not form lactic acid either from glucose or hexose- 
diphosphate. 

5. Tumour extracts produce lactic acid more rapidly from fructose than from 
glucose while tumour slices produce lactic acid about 3-4 times as rapidly from 
glucose as fructose when the sugar concentration is below 0-5 % 

6. The optimum glucose concentration for giycolysis in tumour slices is 
0-2°% while the optimum fructose concentration is 10°, indicating that the 
_ rence in glycolysis is due to different rates of diffusion into the cells. 

The fermentation of dried yeast and the glycolysis of starch and glycogen 
in aus extract are inhibited by dl-glyceraldehyde. The inhibition is much 
greater in dialysed preparations. 

8. The inhibition of glycolysis in muscle extract by glyceraldehyde is ac- 
companied by inhibition of phosphate esterification. The glycolyses of hexose- 
diphosphate and hexosemonophosphate are not inhibited. 

9. The glycolyses of glycogen, glucose and fructose in tumour extracts are 
inhibited by glyceraldehyde but lactic acid formation from hexosephosphates 
is not affected. The action of glyceraldehyde is probably due to inhibition of 
esterification processes. 


We have pleasure in thanking the House Committee of the Royal Cancer 
Hospital for a scholarship (held by M. E. B.) and the British Empire Cancer 
Campaign for a grant which has assisted this investigation. We should like to 
thank Prof. R. Robison for the hexosemonophosphate used in these experi- 
ments. 
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THE effect of glyceraldehyde on tumour glycolysis was first reported by Mendel 
[1929] who observed that, at concentrations as low as 0-001 .M, glyceraldehyde 
inhibited the anaerobic glycolysis of the Jensen rat sarcoma, and that at this 
concentration respiration was unaffected. Since that time other investigators 
have confirmed Mendel’s original report and have made similar experiments on 
other tissues. Thus Ashford [1934] reported that glyceraldehyde inhibits rabbit 
brain glycolysis, and Ashford & Dixon [1935] showed further that the increased 
aerobic glycolysis of brain caused by a high K+ concentration was also in- 
hibited by glyceraldehyde. Similarly, Needham & Nowinski [1937] in a rather 
complete study showed that chick embryo anaerobic glycolysis was very 
sensitive to glyceraldehyde. Rosenthal [1930, 1] showed that both glucolysis 
and fructolysis of tumour but not methylglyoxal breakdown are inhibited by 
glyceraldehyde. Liver, however [Rosenthal, 1930, 2], can ferment glyceraldehyde 
at a significant speed. According to unpublished experiments referred to by 
Holmes [1934], glyceraldehyde has no effect on lactic acid production from starch 
by muscle extract. 

In the course of a comparative study on the effects of glyceraldehyde on 
various tissues, many of these experiments have been repeated and confirmed. 
Since this work was completed the papers of Needham ef al. [1937] on the 
carbohydrate metabolism of embryo have appeared; the work here reported on 
the effect of glyceraldehyde on various tissues, especially tumour, and the 
conclusions drawn from this work agree well with the experiments reported by 
Needham & Nowinski [1937] on chick embryo. 


EXPERIMENTAL 


The differential manometric apparatus of Dixon and Keilin was used for 
both aerobic and anaerobic experiments and the technique was that described 
by Elliott & Schroeder [1934]. Unless otherwise specified, the medium [Krebs & 
Henseleit, 1932] contained 0-24°% glucose. The experimental period was usually 
90 min. Rat tissues were used for all experiments. Where not enough tissue was 
available from one animal for several experiments (as is the case with brain), the 
carefully sampled tissue from several animals was used. Tumour experiments were 
done on the Philadelphia No. 1 sarcoma [Waldschmidt-Leitz, McDonald et al. 
1933], a rapidly growing sarcoma, relatively free from necrosis; in all cases the 
least necrotic slices were chosen for experiments. Twin or triple tumours 20- 
25 days old, implanted in one animal, were used. A very close agreement in the 
metabolism of twin tumours has been demonstrated by Bancroft et al. [1935]. 

Whenever possible, reagents to be added to the manometer vessels were 
made up in 12 times the desired final concentration; 0-25 ml. solution was then 
added to 2-75 ml. medium. The glyceraldehyde used for these experiments was 
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obtained from Fraenkel and Landau and was recrystallized from water. Gly- 
ceraldehyde solutions were made up at least 1 day before use to permit dis- 
sociation of the polymeride. Most other solutions were prepared just before use. 
Pyruvic acid (Eastman Kodak Company) was redistilled at 12 mm. and the 
fraction distilling at 58-59° was used. The 5% stock solution was diluted and 
neutralized with bicarbonate before use. The Ba salt of phosphoglyceric acid 
was prepared according to the method of Vercellone & Neuberg [1935] and was 
converted into the sodium salt by shaking in a mechanical shaking machine 
with the calculated amount of Na,SO, solution; the BaSO, formed was centri- 
fuged off and the solution brought to the correct volume and pH. The silver- 
barium salt of phosphopyruvic acid was synthesized by Kiessling’s method 
[1935]. [Analysis, very kindly performed by Dr H. K. Alber and Dr J. 
Harrand: Found: C, 8-47; H, 0-94; P, 7-22; Ag, 24-74; Ba, 32-02%. Calc. for 
C,H,O,PAgBatH,O: C, 8-41; H, 0-94; P, 7-24; Ag, 25-19; Ba, 32-07%.] The 
sodium salt of phosphopyruvic acid was prepared by dissolving the calculated 
amount of silver-barium salt in dilute HCl and H,SO,, removing the AgCl and 
BaSO, by centrifuging, neutralizing to pH 7-4 with NaOH and diluting to the 
proper volume. 


Table I. Effect of glyceraldehyde on the anaerobic glycolysis 
of glycolysing tissues 


Concentration of Experimental 
glyceraldehyde period 
Tissue M Of min. 
Tumour, Philadelphia No. 1 — + 0-7* 90 
sarcoma 2-2 x 10-3 + 0-9* 

— + 24-6 60 
2-2 x 10-3 + 1-1 

— + 35-4 60 
2-2 x 10-3 + 2-2 
1-1 x 10-3 + 12-7 
0-55 x 10-3 +29-0 

snes + 28-8 60 
2-2 x 10-3 + 18 

— +32-2 60 
1-0 x 10-4 +34-5 
1-0 x 10-5 + 34:8 
1-0 x 10-* ; +34-1 

Brain ~ +10-0 90 
2-2 x 10-3 + 0-5 
1-1 x 10-? + 0-4 

= +15-9 90 
2-5 x 10-3 0-0 

— + 9-8 90 
2-5 x 10-3 + 2-4 

Testis — +13-6 90 
2-2 x 10-3 +113 
1-1 x 10-? + 28 

_— +12-4 90 
2-2 x 10-8 + 88 
1-1 x 107? + 19 

Whole chick embryo, 5 day - + 22-5 90 
2-2 x 10-3 + 86 
1-1 x 10-? + Il 

— +206 90 
1-1 x 10-2 + 2-2 


* No glucose. 
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Table Il. Effect of glyceraldehyde on the anaerobic glycolysis 
of liver and kidney 


Concentration of 
glyceraldehyde 


Tissue M Q* 
Liver — +1-6* 
2-2 x 10-3 +3-5* 
— +2:5 
2-2 x 10-° +3-0 
o +2-1* 
1-1 x10-* +8-9* 
— +15 
1-1 x10-? +6°7 
—_— +5-3* 
1-0 x 10-7 +9-0* 
—_ +1-2f 
5:0 x 10- +71 
— +18 
2:2 x 10-- +18 
ik x 10-* +43 
soe +3-9 
5-0 x 10-2 +9°8 
Kidney _ 2-7 
1-1 x 10-2 +2°5 
_— +4-2t 
5-0 x 10-7 +3°6 
* No glucose. + Experimental period 2 hr. 


Glycolaldehyde was synthesized by the method of Fischer & Taube [1927]. 

In Tables I and II, the effect of glyceraldehyde on the anaerobic glycolysis 
of a number of rat tissues is indicated. A distinct differentiation in the action 
of glyceraldehyde may be observed. As can be seen from Table I, glyceraldehyde 
inhibits the glycolysis of all the tissues commonly considered as glycolysing 
tissues—tumour, brain, testis and whole chick embryo (5 day). Tumour and 
brain are more sensitive to the action of glyceraldehyde than are testis and 
embryo, both the former tissues showing maximum inhibition at a concentration 
of 2-2 x 10-3.M, while at this concentration the glycolysis of testis and embryo 
is only partially inhibited. 

Liver and kidney (Table IL) show a quite different response. The anaerobic 
glycolysis of liver is stimulated by glyceraldehyde, the stimulation being a 
function of the concentration. The values in the table represent the average 
values over the 90 min. experimental period. If one considered only the first 
30 min., considerably higher Q¥* values would be obtained. It is interesting to 
note that the maximum activation observed occurred at the highest glyceralde- 
hyde concentration used (5x 10-?M). Much higher concentrations were not 
possible due to the insolubility of glyceraldehyde. Kidney cortex, on the other 
hand, shows a still different behaviour. The anaerobic glycolysis of kidney 
cortex, which is normally only slight, is neither stimulated nor inhibited by 
even the highest concentrations of glyceraldehyde. 

Aerobically, much the same type of differentiation can be observed. Table TI 
shows the effect of glyceraldehyde on the aerobic metabolism of tumour, brain, 
testis and embryo. The aerobic glycolysis of tumour is much less sensitive to 
the effect of glyceraldehyde than is the anaerobic glycolysis; a concentration of 
2-2x10-3M which anaerobically produces practically complete inhibition, 
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inhibits aerobic glycolysis only 20-40%. No significant inhibition of tumour 
respiration occurs at this concentration. At a concentration 5 times greater 
(1-1 x 10-?.M) both the respiration and the aerobic glycolysis are significantly 
inhibited. 

Brain and embryonic tissue normally have a very small aerobic glycolysis, 
and this is unaffected by glyceraldehyde. The respiration of brain is inhibited 
to about the same extent as tumour, while that of embryo is not quite so sen- 
sitive and higher concentrations are required to produce the same degree of 
inhibition. The aerobic glycolysis of testis is, unlike that of tumour, quite 
insensitive to glyceraldehyde, but the respiration of testis is inhibited to about 
the same extent as that of tumour and brain. 


Table III. Effect of glyceraldehyde on the aerobic metabolism 
of glycolysing tissues 


Concentration of 
glyceraldehyde 


Tissue M -Qo, R.Q. Q? 
Tumour, Philadelphia — 15-0 0-98 + 0-8* 
No. 1 sarcoma 2-2 x 10-3 11-1 0-85 + 2-7* 
a 11-2 ae 7 
2-2 x 10-3 10-8 — 
— 10-0 -- 
2-2 x 10-3 9-2 — 
-- 8-7 0-72 — 0-3* 
2-2 x 10-3 9-7 0-72 + 1:3* 
— 10-3 0-83 + 24-0 
2-2 x 10-3 9-0 0-87 +13:3 
_— 9-3 0-75 + 16-6 
2-2 x 10-3 9-7 0-77 + 13-0 
--- 9-6 0-61 + 22-5 
1-1 x10 8-9 0-82 + 39 
— 11-7 0-74 + 30:3 
2-2 x 10-3 10-6 0-73 + 18-2 
1-1 x 107° 5:8 0-42 + 75 
5-0 x 10-2 4:3 — + 46 
— 11-0 0-69 +23-5 
1-1 x 10-2 73 0-58 + 59 
— 8-7 0-80 +216 
1-1 x 10-° 9-2 0-77 + 5] 
Brain -— 14:8 0-93 + 1-0 
2-2 x 10-3 12-9 0-90 + 19 
1-1 x 10-2 5-0 0-67 + 1-2 
— 15-0 0-98 + O08 
2-2 x 10-3 11-1 0-85 + 17 
= 11-5 0-98 + 10 
2-2 x 10-3 9-1 0:97 + 0-8 
1-1 x 10-2 5-1 0-89 0-2 
Testis —_ 10-6 0-99 + 8-9 
I-] x 10° 7:3 0-73 9-5 
— 13-6 0-91 + 9-2 
2-2 x 10-3 12-3 0-83 10-7 
1-1 x 10-7 7-2 0-81 +10-9 
5-0 x 10-2 3-9 _—- + FT 
Whole chick embryo, 13-5 0-95 + 3-5 
5 dav 1-1 x 10-? 12-8 1-04 2-2 
— 14:3 1-01 + 33 
5-0 x 10-* 3°8 0-86 + 40 


* No glucose. 
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Aerobically, too, liver and kidney react differently from the glycolysing 
tissues to the presence of glyceraldehyde. The aerobic glycolyses of both liver 
and kidney are greatly stimulated by sufficiently high concentrations of glyceralde- 
hyde (Table IV). In this respect kidney reacts differently aerobically and 
anaerobically, since no effect was observed on the anaerobic glycolysis of kidney. 
The striking difference in the sensitivity of the respiration of glycolysing as 
compared with non-glycolysing tissues is also worthy of note; the respiration of 
kidney is scarcely affected even by glyceraldehyde at the highest concentration 
used, 5x 10-2.M; at this concentration liver respiration is inhibited 40-50% . 





Table IV. Effect of glyceraldehyde on the aerobic metabolism 
of liver and kidney 
Experimental period 90 min. 


Concentration of 
glyceraldehyde 





Tissue M - Qo, R.Q. Q?? 
Liver ~- 9-4 0-88 + 1-9 
2-2 x 10-3 8-3 0-83 + 1-8 
1-1 x 10-? 8-7 0-73 + 4:7 
-= 12-2 0-71 + 1+] 
}-l x 10-3 17-2 0-72 + 2-9 
11-6 0:77 + 0-7 
1-1 x 10-? 12:5 0-70 + 2:7 
5-0 x 10-2 6-6 0-53 + 98 
- 12-1 0-85 + 2-5 
5-0 x 10-2 7-5 1-01 + 11-8 
Kidney - 22-0 0-80 — 08 
2-2 x 10-3 24:8 0-80 1-1 
1-1 x 10-2 28-7 0-76 5-4 
28-4 0-86 15 
ie] xJ0-* 30-5 0-81 2-7 
= 27-5 0-77 16 
5-0 x 10-2 25-2 0-77 8-5 


It is interesting to note that the lactic acid production by tumour slices from 
methylglyoxal in the presence of glutathione is not inhibited by glyceraldehyde 
(Table V). Needham & Nowinski [1937] have shown that this is also true for 
embryo brei. 

Table V. Effect of glyceraldehyde on the glycolysis of 
methyl glyoxal by tumour 


Addition Qi 
a +37-6 
2-2 x 10-3 M glyceraldehyde + 13 
3-3 x 10-2 WM (0-24%) methylglyoxal + 10-* 17 glutathione +416 
Methylglyoxal + glutathione + glyceraldehyde +41-8 
One experiment with glyceraldehyde was done on a very active rabbit | 


water for half an hour). The buffer mixture of McCullagh [1928] was used. 
Starch was used as the substrate and lactic acid produced was estimated by the 
method of Friedemann & Graeser [1933] (Table VI). 

As can be seen from Exp. 3, in the absence of starch glyceraldehyde cannot 
serve as a substrate for lactic acid production in muscle. Exps. 4 and 5 show 
that glyceraldehyde does not inhibit lactic acid production by muscle extract 
from starch (compare control, Exp. 2). 


muscle extract (prepared by grinding the muscle with sand and extracting with 
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Table VI. Effect of glyceraldehyde on muscle extract glycolysis 


Lactic acid 


Muscle Starch formed 

Exp. extract Buffer 2% H,O in 4 hr. 
no. ml. ml. ml. Glyceraldehyde ml. mg. 
1 10-0 5-0 - 10-0 14-4 
2 10-0 5-0 5-0 - 5-0 45-0 
3 10-0 5-0 -- 5-0 ml. of 10-1. 5-0 10-3 
4 10-0 5-0 5-0 5-0 ml. of 10-2.M — 44-5 
5 10-0 5-0 5-0 5-0 ml. of 10-1 MW -- 47-9 


Using tumour tissue a study of the time required for full inhibition and the 
reversibility of the glycer aldehyde inhibition has been made. A strong solution 
of glye eraldehyde (sufficient to make the concentration 2-2 x 10-° M) was tipped 
into the vessels of the manometer after the tumour slices had been permitted 
to glycolyse anaerobically normally for 45 min. Readings were then taken every 
few minutes. After 15-20 min., the slope of the glycolysis curve was the same 
as that obtained in experime nts in which glyceraldehyde had been present from 
the start, indicating that the inhibition was complete within 15-20 min. This 
inhibition is complete ly reversible. Tumour slices were placed in Ringer-Krebs 
medium containing 2-2 x 10-*M glyceraldehyde, gassed with N,-CO, and allowed 
to stand for 30 or 45 min. At the end of this time the slices were carefully 
washed and their anaerobic glycolysis determined in the usual manner, w ith 
controls which had been similarly treated in ordinary Ringer-Krebs solution. 
Table VII indicates that the inhibition is completely reversible. 


Table VII. Reversibility of glyceraldehyde inhibition 


Treatment Qx* 
Control, soaked in Ringer-Krebs solution for 45 min., washed + 32-0 
Experimental, soaked in Ringer-Krebs + 2-2 x 10-3 M glyceraldehyde, + 33-8 
for 30 min., washed 
Experimental, soaked in Ringer-Krebs, + 2-2 x 10-3 M glyceraldehyde, + 34-8 


for 45 min.. washed 


Mendel eé al. [1931] first pointed out that pyruvic acid could prevent the 
inhibition by glyceraldehyde of the anaerobic glycolysis of tumours. I have 
been able to confirm this qualitatively but not quantitatively. The extent to 
which pyruvic acid can prevent the inhibition is apparently a function of the 
degree of inhibition (Table VIII). Thus at maximum inhibition pyruvic acid, 
even at a fairly high concentration, can restore only a part of the normal 
glycolysis (Exps. 1, 2 and 4). When the degree of inhibition is less, the restoration 
of glycolysis is more complete (Exps. 3 and 5). Phosphoglyceric and phospho- 
pyruvic acids act like pyruvic acid, partially reversing the inhibition. 

The inhibition of brain glycolysis by glyceraldehyde cannot be prevented by 
pyruvic acid [Holmes, 1934]. One experiment demonstrating this is shown in 
Table IX 

It is obvious from the experiments listed above that even the great increase 
in brain glycolysis caused by pyruvic acid is completely inhibited by glyceralde- 
hyde. In its failure to respond to reactivation by pyruvic acid, brain differs 
from both tumour and embryo [vide Needham & Nowinski, 1937]. 

The power of several other substances to prevent the inhibition of tumour 
glycolysis by glyceraldehyde was also tested. Calcium «-glycerophosphate, 
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Table VIII. Reversal of glyceraldehyde inhibition in tumour 





Exp. 
no. Addition Qs . Qovr 
1 _— + 28-8 — 
2-2 x 10-3 M glyceraldehyde + 18 —_ 
1-0 x 10-°.M pyruvic acid +24-8 —_ 
Glyceraldehyde + pyruvic acid +185 — 
2T — + 37-4 +0-4 
2-2 x 10-3 M glyceraldehyde + 2-0 — 2-4 
2-2 x 10-3 M pyruvic acid +34-7 —0-6 
Glyceraldehyde + pyruvic acid + 20-3 —5-2 
3* — +30-7 — 
1-0 x 10-3 M glyceraldehyde + 91 _ 
1-0 x 10-3 M pyruvic acid + 32-6 — 
Glyceraldehyde + pyruvic acid +25-0 — 
4t oe + 36-2 0-0 
2-2 x 10-° M glyceraldehyde + 16 -1-1 
2-2 x 10-?M pyruvic acid +33-9 —-3-1 
Glyceraldehyde + pyruvic acid +16-7 —6°8 
5 — +34-4 — 
1-1 x 10-°M glyceraldehyde + 73 — 
1-0 x 10-3 M pyruvic acid +32-9 — 
Glyceraldehyde + pyruvic acid + 26-0 -- 
6 _ +39-6 _— 
1-1 x 10-3 M glyceraldehyde + 5:4 —_ 
5-0 x 10-3 M phosphoglyceric acid + 33-5 _ 
Glyceraldehyde + phosphoglyceric acid +24-5 — 
7 _ +41-6 — 
1-1 x 10-3 M glyceraldehyde + 89 — 
5-0 x 10-3 M phosphoglyceric acid + 38-7 — 
Glyceraldehyde + phosphoglyceric acid + 18-3 ce 
8f — +47-1 — 
2-2 x 10-3 M glyceraldehyde + 2-6 — 
1-1 x 10-3 M phosphopyruvic acid +415 
Glyceraldehyde + phosphopyruvic acid + 16-3 


* Jensen rat sarcoma. 

+ Estimations of pyruvic acid indicated that only a small part of the lactic acid formed in the 
presence of both glyceraldehyde and pyruvic acid was due to pyruvic acid being reduced to lactic 
acid. The remainder of the lactic acid formed was due to a true restoration of glycolysis. 


t Free phosphorus estimations indicated that some hydrolysis of the phosphopyruvic acid 
he ud occurred, but only enough to account for about 7 % of the acid formation so that the additional | 
must be due to a reversal of the inhibition by phosphopyruvice acid. 


Table IX. Effect of pyruvic acid on glyceraldehyde inhibition of brain 


Addition oy 
mes + 98 i 
2x 10-3 M glyceraldehyde + 1-2 


: x 10-3 M pyruvie acid 
Glyceraldehyde + pyruvic acid 


bo 
bo Ot ¢ 
cS 


ns 


sodium f-glycerophosphate, glutathione and muscle adenylic acid had no effect. 
These results are indicated in Table X. 

The effect of a few other aldehydes on tumour anaerobic glycolysis has 
been investigated; these were glycolaldehyde, propaldehyde, butaldehyde and 
benzaldehyde. They were used at a concentration of 2-2 x 10-?M, which in the 
case of gly ceraldehy de is sufficient to produce essentially complete inhibition. 
At this concentration no inhibition occurred with any of the compounds in- 
vestigated, indicating that the effect with glyceraldehy de is fairly specific and 
is not merely a function of the aldehyde group. It is interesting to note that 








GLYCOLYSIS INHIBITION BY GLYCERALDEHYDE 339 


Table X. Effect of various compounds on removing glyceraldehyde 
inhibition in tumour 


Addition Gr 
0 +31-2 
2-2 x 10-3 M glyceraldehyde + 10 
2-2 x 10-3 M calcium «- glycerophosphate +31-2 
Gly« eraldehyde + «-glycerophosphate + 13 
0 +35-4 
2-2 x 10-° M glyceraldehyde + 1-2 
2-2 x 10-3 M sodium B- glycerophosphate + 36-5 
Glyceraldehyde + B-glycerophosphate + 08 
0 + 29-5 
2: 2x 10° M glyceraldehyde + 10 
2-2 x 10-3 M glutathione +299 
Glyceraldehyde + glutathione* + 20 
0 + 30-4 
1-1 x 10-3 M glyceraldehyde + 7:7 
2-2 x 10-3 M adenylic acidt + 36-9 
Glyceraldehyde + adenylic acid + 71 
* Hoffman-La Roche. { Fraenkel and Landau. 


glycolaldehyde, which is structurally similar to glyceraldehyde, inhibits tumour 
glycolysis only about 30% at a concentration which is 5 times as great as the 
concentration of glyceraldehyde required for almost complete inhibition. The 
results obtained with these aldehydes are listed in Table XI. 


Table XI. Effect of other aldehydes on tumour anaerobic glycolysis 


Addition g- 

_— + 38-4 
Glycolaldehyde, 2 x 10-3 M + 38-5 
Glycolaldehyde, 1 x 10-2 M + 26-2 


Propaldehyde, 2 x 10-* M 
Butaldehyde, 2 x 10-° M 
Benzaldehyde, 2 x 10-3 M 





A few experiments have been done on the effect of dihydroxyacetone on the 
glycolysis and respiration of a number of tissues. Since these are by no means 
complete they are not included in this paper. For the sake of comparison with 
the glyceraldehyde effects, however, a few results with the Philadelphia No. 1 
tumour are listed in Table XII. 


Table XII. Effect of dihydroxyacetone on tumour metabolism 


Concentration of 


dihydroxyacetone Qo. R.Q. gr G 
- 9-3 0-75 + 16-6 
2-2 x 10-3 M 8-3 0-73 +16-7 
1-1 x10 M 7:3 0-88 +15-2 — 
— 9-7 0-76 +18-2 - 
3-0 x 107° M 7-1 0-75 + 14-5 - 
a S as +32-0 
3:0 x 10° M : — a 195-9 


These results corroborate the previous report of Mendel [1930] that dihydr- 
oxyacetone is almost without effect on the aerobic or the anaerobic glycolysis of 
the Jensen rat sarcoma. Apparently, however, the respiration of the Jensen 


99__9 
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tumour is more sensitive to dihydroxyacetone than is the Philadelphia No. 1 
sarcoma. Other differences in the metabolism of these two tumours have been 
pointed out by Baker [1937]. 

Also glyceric acid, 2:3-butylene glycol, and glycerol had no effect on either 
the aerobic or the anaerobic metabolism of tumour tissue, although used at a 
concentration of M/50. This is illustrated by Table XIIT. 


Table XIII. Effect of other compounds on tumour metabolism 


Addition — Qo, Qy? QY 
2x10?°M 
— 8-2 + 18-6 — 
Glyceric acid 9-8 +21-4 — 
2:3-Butylene glycol 9-7 + 20-5 — 
Glycerol 9-0 + 17-7 _— 
= = —= +343 
Glycerie acid — — +37°5 
2:3-Butylene glycol — — +37-6 
Glycerol — — +345 


No effect on the growth of tumour could be produced by injecting glyceralde- 
hyde into animals inoculated with a transplantable tumour. This is not sur- 
prising in view of the fact that this compound is so readily metabolized by liver 
and kidney as is indicated by the experiments reported here and by the experi- 
ments of Stohr [1932] who showed that after feeding rats with glyceraldehyde, 
the glycogen content of the liver was increased. 


Discussion 


In recent years more and more evidence has been brought forward in favour 
of the view that there are at least two different paths by which carbohydrate is 
broken down by animal tissues, depending on whether the substrate is glucose 
or polysaccharide (glycogen or starch) [Ashford & Holmes, 1929; Bumm & 
Fehrenbach, 1930, 1931; Gaddie & Stewart, 1934; Geiger, 1935;. Needham & 
Lehmann, 1937]. In the light of all available data, this question has been very 
thoroughly discussed by Needham & Lehmann [1937]. The experiments reported 
here on the effect of glyceraldehyde on the glycolysis of various tissues may 
serve to emphasize still further the differentiation between the glucose-splitting, 
non-phosphorylating tissues and the glycogen-splitting, phosphorylating tissues. 

It is of interest to note that although liver has been included here among the 
“non- glycoly sing” ’ tissues, and although it differs strikingly from the “‘glycoly- 
sing” tissues in its response to glyceraldehyde, liver often does show a high 
temporary aerobic and anaerobic glycolysis [Elliott & Baker, 1935; Elliott et al. 
1937]. However, this tissue differs from the ordinary ‘ ‘glycolysing” tissue in 
that its glycolysis appears to take place wholly at the expense of glycogen stores 
[Rosenthal & Lasnitzki, 1928; Rosenthal, 1929] and, even in the case of starved 
animals, liver metabolism is completely independent of the presence of glucose. 


SUMMARY 


1. The effects of dl-glyceraldehyde on the metabolism of tumour, brain, 
testis, embryo, liver and kidney have been studied. A distinct differentiation 
in the response of the glycolysing as compared with the non-glycolysing tissues 
has been observed. The respiration and the anaerobic glycolysis of tumour, 
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brain, testis and embryo are inhibited by glyceraldehyde. Glycolysis in liver 
and kidney is stimulated by glyceraldehyde. 

2. The inhibition of tumour glycolysis by glyceraldehyde is completely 
reversible. 

3. The inhibition of tumour anaerobic glycolysis by glyceraldehyde can be 
largely prevented by pyruvic acid, phosphopyruvic acid and phosphoglyceric 
acid. The extent to which the inhibition can be prevented depends on the 
degree of inhibition. Glutathione, adenylic acid, «- and B-glycerophosphates have 
no effect on the inhibition. 

4. Lactic acid production from methylglyoxal by tumour slices is not 
inhibited by glyceraldehyde. 

5. Lactic acid production from starch by muscle extract is not inhibited by 
glyceraldehyde. 

6. The effect of glyceraldehyde is fairly specific for this aldehyde, since it is 
not produced by glycolaldehyde, propaldehyde, butaldehyde, or benzaldehyde. 

7. Dioxyacetone is without effect on the glycolysis of tumour tissue. 


It is a pleasure to thank Dr Ellice McDonald, Director, and Dr E. F. Schroeder 
for their interest and support during this investigation. 
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XLVI. FORMATION OF PHOSPHATIDES IN 
LIVER PERFUSION EXPERIMENTS 


By L. A. HAHN anp G. CH. HEVESY 
From the Institute of Theoretical Physics, University of Copenhagen 


(Received 31 December 1937) 


Axsout 2 hr. after a meal containing fat, the fat content of the blood begins to 
rise. This alimentary lipaemia is followed by lecithinaemia [Reicher, 1911; 
Bloor, 1915], the phosphatide content of the blood increasing more or less 
parallel with the fat content. A maximum is reached after about 4 hr. and after 
8 hr. the fat and phosphatide contents of the blood are almost at the initial level. 
As to the origin of the phosphatides responsible for alimentary lipaemia the 
following possibilities exist: 

(1) the phosphatides are synthesized in the intestinal mucosa and resorbed 
into the blood; 

(2) they are synthesized in the blood; 

(3) they are mobilized under the influx of lipaemic blood from the liver or 
other organs and possibly wholly or partly formed in the latter during the 
influx. 

To obtain further information on the above problem oil, together with labelled 
(radioactive) sodium phosphate, were administered to a dog [Hevesy & Lunds- 
gaard, 1937]. If the increase in the phosphatide content of the blood which 
amounted to 15% after 4hr. was due to phosphatides taken up from the 
intestine, the phosphatides extracted from blood should have shown a marked 
radioactivity. The latter was however much smaller than to be expected on this 
assumption. It follows that while phosphatides are synthesized in the intestinal 
mucosa [Artom et al. 1937; Sinclair & Smith, 1937] and some do enter the circula- 
tion from the bowels [Himmerich, 1934; Siillmann & Wilbrandt, 1934; Freeman & 
Joy, 1935] the bulk of the phosphatides which are responsible for the alimentary 
lipaemia must originate from outside the intestinal tract. We next tested the 
possibility that the additional phosphatides are formed in the lipaemic blood 
[Hahn & Hevesy, 1938]. A few ml. of dog blood were shaken with labelled sodium 
phosphate under the usual precautions for 4-5 hr. The phosphatides extracted 
after the experiment were only slightly radioactive, the labelled phosphatides 
formed amounting to only about 0-1 % of the totalamount present. No difference 
was found in the behaviour of normal and lipaemic bloods. 


Formation of labelled phosphatides in perfusion experiments 


Through the great kindness of Prof. Lundsgaard and Dr Blixenerone, who 
carried out perfusion experiments on isolated livers, we were enabled to test the 
formation of labelled phosphatides in the blood of cats circulating through an 
isolated liver and also in the liver tissue. To 120-160 ml. of cat blood diluted to 
about twice its volume with physiological NaCl solution a minute amount of 
active sodium phosphate was added. The blood was then defibrinated and allowed 
to circulate through an isolated liver for 2-5 hr. The labelled inorganic P present 
in the blood was determined at the start and at the end of the experiment and 
also the labelled phosphatide P of blood and liver at the end of the experiment. 
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The ratio of the specific activity (activity per mg. P) of the blood phosphatide P 
to that of the blood inorganic P is seen from Table I. In interpreting the figures 
of the table we should recall that if all phosphatide molecules present are newly 
formed the specific activities of the inorganic P and phosphatide P should be 
equal. The figure of 0-85 x 10-3 for the ratio quoted, for example, shows that the 
new formation of phosphatide molecules within the experiment amounts to 
only 0-085°%. In the course of the experiment inactive inorganic P of the liver 
and also a part of the P present in the organic P compounds of the liver exchange 
with the active plasma inorganic P and lower the specific activity of the latter. 
The specific activities of the plasma inorganic P being thus different at the start 
and at the end of the experiment we have calculated the ratio (seen in Table I) 
for the beginning of the experiment (col. 1), for the end (col. 2), and also an 
average value (col. 3). 
Table I 
Specific activity of blood phosphatide P 
Specific activity of blood inorganic P 





3 
1 2 (average value) 
Normal blood (av. of 3 exps.) 0-5 x 10-3 1-2 x 10-3 0-85 x 10-3 
Lipaemic blood (av. of 2 exps.) 1-6 x 10-3 3-4 x 10-3 25 x10°% 


The figures of Table I for normal blood hardly differ from the figures obtained 
in the experiments in vitro (average value 0-8 x 10-*). While, however, in the 
experiments in vitro no definite difference was found in the formation of 
phosphatides in normal and lipaemic bloods, in the perfusion experiment about 
three times as many newly formed phosphatide molecules were found to be 
present in the lipaemic blood as in the normal. This result is supported by 
figures obtained when investigating the labelled phosphatides extracted from the 
livers used in the perfusion experiments. Here also (see Table II) a greater part 
of the phosphatide present became labelled when lipaemic blood was used. 


Table II 


Spec. activity of 





Phosphatide P per g. Total P per g. phosphatide P K 100 
fresh tissue fresh tissue Spec. activity of 
Liver mg. mg. inorganic P 

Perfusion with normal blood 

1 0-96 2-6 1-25 

2 1-13 2-9 1-53 

3 0-88 2-0 1-78 
Perfusion with lipaemic blood 

0-75 2-4 2-75 

5 0-69 2-2 2-59 

6 1-32 3-7 2-79 


The livers used were taken from fasting cats, except in Exp. 3. In Exp. 6 
the specific activities of the ester P of the liver and the protein P (remaining P 
after extraction with ether-alcohol and trichloroacetic acid) were determined as 
well. The relative figures obtained were: specific activity of the inorganic P, 1; 
of the ester P, 0-218; of the protein P, 0-068. The radioactive P atoms can only 
enter into the phosphatide molecules by a synthetic process. If the radioactivity 
of 1 mg. organic P of the liver were equal to that of 1 mg. inorganic P, all organic 
P atoms would have been replaced. If the organic P were not radioactive at all, 
none of the organic molecules could be newly formed. If all the phosphatide 
molecules present in the liver after the perfusion experiment had been newly 
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formed the value of the ratio in the last column would be 1. From the figures it 
follows that 1-5 °% of all phosphatide molecules present in the experiment with 
normal blood and 2-7 % in that with lipaemic blood are formed in the course of 
the experiment. 

During the perfusion experiment some molecules may have decomposed thus 
introducing an uncertainty into all conclusions based on the determination of the 
amount of phosphatides present. Our conclusions are not influenced however 
by this source of error, since they are not based on determinations of the 
phosphatide content before and after perfusion but on the ratio of labelled and 
non-labelled phosphatide molecules present in the liver. We may, therefore, 
conclude from the results described above that lipaemic blood is more effective 
in the formation of phosphatides in the liver than is normal blood. This result 
suggests that one of the main reasons for alimentary lipaemia is that during the 
influx of lipaemic blood phosphatide formation in the liver is increased and 
phosphatides are discharged into the circulation [cf. Aylward e¢ al. 1935]. As the 
lipaemic blood is changed into normal blood the excess phosphatides are taken 
up by the liver and other organs, until the “normal” phosphatide content of 
the blood is reached. The chance that the influx of lipaemic blood will remove 
a labelled phosphatide molecule from the liver will be a small one in view of 
the great preponderance of non-labelled molecules and therefore we should not 
expect to find the phosphatides which pass into the blood during alimentary 
lipaemia to be labelled to any great extent. We mentioned on p. 342 an experi- 
ment in which labelled sodium phosphate and olive oil were administered to a 
dog. The animal’s blood showed, as expected, an increased phosphatide content, 
the latter being, however, only slightly labelled. This result is just what would 
be expected in the light of the above conclusions. 


SUMMARY 


In experiments in vitro the amount of labelled phosphatide obtained in 
shaking blood with radioactive sodium phosphate is the same whether normal or 
lipaemic blood is used. 

In perfusion experiments the lipaemic blood is found to contain more labelled 
and thus newly formed phosphatide than the normal blood. The same result 
applies also to the phosphatides extracted from the liver in the perfusion 
experiment. 
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XLVII. STUDIES IN THE METABOLISM OF THE 
STRICT ANAEROBES (GENUS CLOSTRIDIUM) 


VII. THE DECOMPOSITION OF PYRUVATE AND 
l-(+)GLUTAMATE BY CLOSTRIDIUM 
TETANOMORPHUM 


By D. D. WOODS! anv C. E. CLIFTON 


From the Biochemical Laboratory, Cambridge 
(Received 30 December 1937) 


In the preceding paper of this series [Woods & Clifton, 1937], it was shown that 
washed suspensions of Cl. tetanomorphum decompose a number of substances 
(including seven amino-acids) with evolution of H,. Carbon dioxide is produced 
from all substrates attacked by the organism and volatile acid was found 
whenever tests for this product were made. In the present communication the 
products of the decomposition of one amino-acid substrate (/-(+)glutamate) and 
one non-amino-acid substrate (pyruvate) will be studied in more detail. 
l-(+)glutamate and pyruvate were chosen since they are attacked more rapidly 
than any other substrates in their respective groups and are therefore more 
convenient for large scale work. 


GENERAL METHODS 


Washed suspensions of Cl. tetanomorphum were prepared as before [Woods 
& Clifton, 1937], precautions being taken to avoid exposing the final suspension 
to air. H,, CO, and NH, were also estimated as described in the previous paper. 
Total volatile acid was determined by distillation in vacuo in the following way. 
The solution to be tested was made acid with 1 ml. 6N phosphoric acid and 
placed in a Claisen flask connected through a double surface condenser to a 
Biichner flask acting as receiver. The capillary and a tap funnel in the second 
neck of the flask were closed with soda-lime guard tubes. The solution and 
apparatus were freed from CO, by drawing through a current of CO,-free air 
for 5-10 min. The receiver was rapidly disconnected and replaced after running 
in an excess of a standard solution of CO,-free NaOH. The tip of the condenser 
dipped below the surface of the soda. The test solution was distilled in vacuo 
down to 10 ml. at a temperature not exceeding 40°, 10 ml. water were added 
to the residue and the distillation continued to the same point. This was repeated 
with a further 10 ml. water. The contents of the receiver and condenser washings 
were back-titrated with standard H,SO,. With these precautions no trouble is 
experienced with CO, since identical experiments in which baryta replaced the 
soda in the receiver showed no precipitation of BaCO,. Baryta was not used 
in the actual determinations since the use of HCl for back-titration had to be 
avoided as the distillates were often used for Duclaux determinations. 


1 Beit Memorial Research Fellow. 
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Lactic acid was estimated by the method of Friedemann et al. [1927] and 
formic acid by a method quoted by Woods [1936]. Alcohol was determined by 
oxidation with acid bichromate and succinic acid by the succinic dehydrogenase 
method [cf. Elsden, 1937]. 

All experiments, unless otherwise stated, were carried out in phosphate buffer 
pH 7-2 at 32° in an atmosphere of N,. 


I. DECOMPOSITION OF PYRUVATE 
Identification and estimation of volatile acids 


The Duclaux distillation method [cf. Bertrand & Thomas, 1920] was used 
to obtain information as to the composition of the volatile acid fraction of the 
fermentation fluid. Exploratory determinations indicated that only acetic and 
butyric acids were present so the Duclaux method was carefully calibrated for 
mixtures of these acids. It is not proposed to give details of the actual procedure, 
for, in our experience, this method should be recalibrated by each worker with 
his own apparatus and standard technique. The reader is referred to van Niel 
[1928] for a general discussion of the method, the precautions to be taken and 
the method of calculating the tables. We have found the method to give consistent 
and reliable results. ‘‘ Homologue-free” acids (Messrs Fraenkel and Landau) 
were redistilled and the constant boiling fractions used for the calibrations; 
10 ml. 0-1 N acid was used for each determination. The basal distillation numbers 
(d) obtained for the pure acids are given in Table I. The d numbers are obtained 


Table I. Distillation numbers of acetic and butyric acids 


0. 


(d numbers—% of total acid initially present) 


Fraction (ml.) Acetic acid Butyriec acid 
10 6-6 18-3 
20 13-2 34:3 
30 20-1 48-3 
40 27-2 60-5 
50 34-9 71-1 
60 42-9 79-9 
70 51:3 87-0 
80 60-5 92-4 
90 70-7 96-0 

100 83-0 98-4 
110 100 100 


by expressing the acid distilling over as a percentage of the total acid taken. 
The figures for acetic acid are in close agreement with those found by van Niel 
[1928] and Gillespie & Walters [1917]. From these figures the distillation 
numbers (d’) for the pure acids and mixtures given in Table II have been 
-alculated. For convenience in practice these d’ numbers are expressed as: amount 
of acid distilling in each fraction x 100/total acid in 100 ml. distillate, and have 
been calculated in such a way that they refer to the ratios in which the acids 
are present in the fluid taken for the distillation [v. van Niel, 1928]. In 
examining an unknown mixture the distillation was carried out in the same 
apparatus with approximately the same total amount of volatile acid and with 
the precise experimental procedure used in the calibration. 
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Table If. Standard distillation numbers for mixtures of acetic and butyric acids 
(d’ numbers—% distilling of total distilling in 100 ml.) 


Ratio acetic acid : butyric acid 








Fraction — 





ml. Pure acetic 4:1 35:1 wo 28:1 26:1 

30 24-2 29-9 30-5 31:3 31-6 32-0 

40 32-8 39°3 40-0 40-9 41:3 41:8 

50 42-1 49-0 49-7 50-6 51-1 51-5 

60 51-7 58-4 59-2 60-0 60-6 60-9 

70 61-8 67-9 68-5 69-3 69-7 70-2 

80 72-9 77-7 78-2 78:8 79-2 79-5 
2:1 15:1 14:1 13:1 1:2:1 

30 33-5 35-2 35-6 36-1 36-6 

40 43-5 45-4 45-9 46-5 47-0 

50 53-4 55-4 55-9 56-5 57-1 

60 62-6 64-7 65-2 65:8 66-4 

70 71-7 73-5 74-0 74-5 75-0 

80 80-7 82-2 82-5 82-9 83-4 

EE: fe] 1:15 bo Pure butyric 

30 37:1 37-7 40-1 41-7 49-1 

40 47-7 48-4 §1°2 53-0 61-5 

50 57-7 58-4 61-4 63-3 72-3 

60 67-0 67-7 70-6 72-5 81-2 

70 756 76-3 78-8 80-5 88-5 

80 83-8 84-4 86-3 87-7 93-9 


Examination of decomposition products by Duclaux method 


Large-scale experiments were carried out in Krebs’ pots to obtain a sufficient 
Sarees 4 of volatile acid for Duclaux analysis. Each pot contained 20 ml. 
ca. 0-2. M pyruvate, 20 ml. 0-2M phosphate buffer pH 7-2 and 8 ml. bacterial 
suspension in phosphate buffer. For each experiment the total crop of 
organisms from 21. tryptic broth was used (about 180 mg. dry weight). The 
course of the reaction was followed by measuring H, production in manometers 
containing 1/20 of the above quantities; it will be shown later that no pyruvate 
remains when H, evolution ceases. When the experiment was complete (usually 

2-5-3 hr.) the contents of the Krebs’ pot were washed into a centrifuge 
tube and the suspension brought to about pH 2 with phosphoric acid. The 
supernatant liquid after centrifuging was poured off, the bacterial mass 
washed on the centrifuge with water and the washings united with the 
previous supernatant (A). The total volatile acid present in A was estimated 
as already described. A suitable quantity of volatile acid (see p. 346) for the 
Duclaux determinations is obtained if the neutralized distillate from the volatile 
acid estimation is diluted to 250 ml. (after reliberating the volatile acid) and 
110 ml. portions taken for duplicate Duclaux estimations. The results obtained 
in a number of experiments are given in Table III. The ratio of acetic acid to 
butyric acid is obtained by comparing the d’ numbers with the standards 
(Table II). The distillation numbers are in excellent agreement with those to 
be expected from a simple mixture of acetic and butyric acids and offer no 
suggestion of the presence of any other acid. Butyric acid is more volatile than 
acetic acid (Table I); if therefore we are dealing here with a mixture of these 
two acids it would be expected that there would be an accumulation of the 
more volatile acid in the first fractions and of the less volatile in the later 
fractions. The first 30 ml. and the last 40 ml. fractions of the distillate of Exp. 108 
were redistilled separately (after reacidifying and making up to 110 ml.). The 
resulting d’ numbers (Table IV) show that a partial separation of the two com- 
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Table IIT 


d’ numbers 





Y 





Exp. no. 64 67 68 108 109: 111 
Fraction of distillate (ml.) 
30 37-2 36-9 36:7 36:8 36:8 37-0 
40 47-7 47-5 47°3 47-4 47-5 47-9 
50 57-5 57-5 57-1 57-3 57-4 58-0 
60 67-5 66-6 66:3 66-5 5 66-9 67:1 
70 75:5 75:3 74:9 75:2 75-6 75-9 
80 83-7 83-3 83-1 83-6 83-9 84-1 
Ratio acetic acid: butyricacid 11:1  1-:15:1 Ht 246s) ee ee 
Total volatile acid distilled 10-09 9-54 9-78 9-88 9-97 9-93 


(ml. V/10) 
Table IV 
d’ numbers 
Fraction of distillate ——__"_—_—_ 


ml. First 30 ml. Last 40 ml, 

20 29:1 20-1 

40 53:3 40-9 

60 72:7 60-6 

80 87-5 79-2 
Approx. acetic : butyric ratio 1:2 3:1 


ponents has occurred, for, compared with the original solution (Table IIT), the 
first 30 ml. fraction contains a higher proportion of the more volatile acid and 
the last 40 ml. a higher proportion of the less volatile acid. The exact ratio is 
not accurately determined in these cases as the total acid distilled was much 
less than that used for the standards. The approximate ratio is of the expected 
order assuming the original mixture to be of the composition found in Table ITT. 
Besides yielding information as to the components of a mixture of volatile 
acids, the Duclaux method, if carefully calibrated, will give a reliable estimation 
of the ratio in which these acids are present in a simply binary mixture. No 
other method has so far been described for the estimation of both acetic and 
butyric acids in a mixture of the two. Check estimations on mixtures of the 
pure acids gave figures in accord with the standards of Table II. The d’ numbers 
obtained in Table III indicate that acetic and butyric acids are present in equal 
proportions. The acetic : butyric ratio is consistently slightly higher than unity 
but the deviation is within the limits of experimental error. Since butyric acid 
is more volatile than acetic it is possible that a small loss of the former may 
have occurred during the manipulations in acid solution. It should also be 
pointed out that the volatile acid analysed is derived both from the breakdown 
of pyruvate and, to a much smaller extent, from unknown substrates in the 
“blank” reaction of the bacterial suspension alone. This “‘blank” normally 
—* to 5-10 % of the volatile acid formed from pyruvate. For technical 
-asons it was not possible to obtain sufficient material to subject the blank 
ee acids to Duclaux analysis; the proportions of the acids may be different 
from those obtained from pyruvate. From the data at our disposal it seemed 
justifiable to conclude (a) that acetic and butyric acids are the only volatile 
acids formed in the decomposition of pyruvate, and (b) that these acids are 
formed in equal proportions. 


Separation and identification of acetic and butyric acids 


The formation of acetic and butyric acids was confirmed by their separation 
and identification as salts. The separation was effected by the method of Phelps 
& Palmer [1917] which depends upon the different solubilities of the quinine 
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salts of the two acids in carbon tetrachloride. Quinine butyrate is relatively 
soluble (4%), whilst quinine acetate is almost insoluble (0-05°%). As there is 
a difference of over 40° in the melting-points these salts can also be used to 
characterize the acids. 

A number of large-scale fermentations of pyruvate were carried out as in 
the last section. The supernatant fluids after acidifying and centrifuging were 
combined and the volatile acid distilled off in vacuo and collected in NaOH. The 
neutralized distillate was reacidified to Congo red with H,SO, and distilled. The 
distillate was collected in an ice-cooled receiver and titrated with standard 
baryta. The neutral solution of the barium salts was used for the preparation 
and separation of the quinine salts essentially by the procedure of Phelps 
& Palmer [1917]. A total of 33-2 ml. 0-1N volatile acid and 1-26 g. quinine 
sulphate (theoretical 1-24 g.) were used for the separation. The crude quinine 
acetate and quinine butyrate fractions amounted to 95 and 90% respectively 
of the theoretical yields assuming the original acid to be a mixture of equal parts 
of acetic and butyric acids. The crude materials were purified in the following way. 

“ Acetate fraction.” The acetate fraction was re-extracted for 24 hr. with 
20 ml. CCl, and filtered. The residue was taken up in 10 ml. boiling dry ethyl 
acetate, filtered from a small amount of insoluble material and allowed to cool 
slowly. The salt crystallized in glistening rosettes of needles. After twice 
recrystallizing from hot ethyl acetate and drying im vacuo over KOH, the 
pr oduct gave the following m.p. data (uncorrected) : 


Experimental Pure quinine Mixed (a) 

product (a) acetate (b) and (db) 
Shrinks T° 116° 116 
Softens 122° 121° 12] 
Melts 124-126° 124-126° 124-125 


Phelps & Palmer also give 124—6° as the melting-point of quinine acetate. After 
drying in a high vacuum over P,O, at 40°, the following analytical figures were 
obtaine d [Weiler]: 


experimental Pure quinine Calculated for 
product acetate C.9H,0,N., C,H,0, 
%C 68-35 69-02 68-76 
o% H 7-51 7-54 7-29 
oN 6-72 6-81 7-29 


The pure quinine acetate was made by thrice recrystallizing the B.D.H. product 
from ethyl acetate. 

“ Butyrate fraction.”’ The butyrate fraction was again taken up in CCl, and 
filtered from some insoluble matter which deposited on standing. The filtrate 
was precipitated with excess of light petroleum (B.P. 60-80°). The residue after 
filtering was taken up in a small quantity of ethyl acetate and crystallization 
induced by the cautious addition of light petroleum to the warmed solution. 
The material crystallized in glistening rosettes of needles. After twice re- 
crystallizing as above and drying in vacuo over KOH the following m.p. data 
(uncorrected) were obtained: 


Experimental Pure quinine Mixed (a) 

product (a) butyrate (b) and (b) 
Shrinks 72 72° 72 
Softens 76° 76° 76 


—78 


ot 


Melts 77-5-78° 77-5-78° 77° 
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Phelps & Palmer [1917] give 77-5°. The following analytical figures were obtained 
after drying in vacuo over P,O, at 40°: 


Experimental Pure quinine Calculated for 
product butyrate CypH,,.N20,, C.£H,0, 
%” C 68-79 69-08 69-90 
own 7-58 7-65 7:77 
%N 6-69 6-43 6-80 


The pure quinine butyrate was prepared by adding the calculated quantity of 
quinine to butyric acid, evaporating to dryness in vacuo and purifying as above. 


Complete analysis of reaction products 


The constitution of the volatile acid fraction having been established it was 
now possible to make a complete quantitative analysis of the decomposition 
products. For this purpose large-scale experiments were carried out in Krebs’ 
pots filled with N,. The following quantities were used: 10 ml. ca. 0-1 WM pyruvate, 
20 ml. 0-2.M phosphate buffer pH 7-1 and 10 ml. bacterial suspension in phos- 
phate buffer. A control vessel in which water replaced pyruvate was also set up. 
At the same time the total H, and CO, production was measured manometrically 
(as described in the previous paper) with 0-3 ml. 0-1 pyruvate; the other 
reagents were in the same proportions as in the Krebs’ pots. These manometers 
also served as an index of the course of the reaction. For each complete experi- 
ment the crop of organisms from 1800 ml. broth (about 180 mg. dry weight) was 
used. The exact strength of the pyruvate was determined by the carboxylase 
method [Westerkamp, 1933; Krebs, 1937, 1]. When the reaction was complete 
the contents of the Krebs’ pots were washed out and centrifuged to remove the 
bulk of the organisms and the latter washed on the centrifuge with 10 ml. water. 
The supernatant and washings were made up to 100 ml. (B). Pyruvate was 
estimated on a part of B by the carboxylase method. No unchanged pyruvate 
was found in any experiment, confirming the view that the cessation of H, 
formation is a true indication that the decomposition is complete. The fermenta- 
tion products did not inhibit the carboxylase enzyme. Volatile acid was 
estimated in duplicate on aliquot parts of B. The combined residues after 
distilling off volatile acids were used for succinic acid determination! and, after 
neutralization and copper-lime precipitation, for the estimation of lactic acid. 
Formate estimations were performed with the evaporated neutralized volatile 
acid distillates, whilst alcohol was estimated in the original solution B. In every 
case similar estimations were done with the products obtained from the control 
experiment without pyruvate. The mean results of four complete experiments 
are given in Table V. fh : 

Table \ 
(All values less appropriate controls) 


Mol. (or equiv.) formed per mol. pyruvate 





‘\ 


Ze setae : 
Required by % mean found 
Lange Mean equation (1) of required 

H, 0-23 -0-29 0-28 0-33 85 
CO, 0-82 -—0-85 0-84 1-0 84 
Volatile acid (equiv.) 0-58 —0-62 0-59 0-66 89 
Lactic acid 0-059-0-063 0-06 — - 
Formic acid ) 
Succinic acid > Absent — — 


Alcohol 


1 We are grateful to Mr 8. R. Elsden for carrying out the succinic acid estimations. 














METABOLISM OF STRICT ANAEROBES. VII 351 


More information as to the quantitative relationship of the original pyruvate 
and the various products is obtained if the results of individual experiments 
are expressed as a balance sheet of the various elements involved. This is done 
for two typical experiments in Table VI. The assumption is made that the 


Table VI 





Actual mg. mg. mg. 
mg. ; H O 
Exp. 71: 
(a) Original pyruvate 78-2 31-99 3°55 42-66 
(6) Original pyruvate expressed in 83-52 31-99 4-15 47-39 
terms 3 pyruvate + 1H,O 
Products: 
H, 0-42 = 0-42 — 
CO, 31-96 8-72 = 23-24 
Acetic acid 15-63 6-26 1-04 8-34 
Butyric acid 22-92 12-50 2-09 8-33 
Lactic acid 4-70 1-88 0-32 2-50 
Total of products 75°63 29-36 3-87 42-41 
% total of (a) 96-7 91-8 109 99-4 
°% total of (b) 90-6 91-8 93-3 89-5 
Exp. 70: 
(a) Original pyruvate 62-56 25-60 2-84 34-12 
(b) Original pyruvate expressed in 66-82 25-60 3°32 37-91 
terms 3 pyruvate + 1H,O 
Products: 
H, 0-36 -- 0-36 = 
CO; 26-61 7-26 — 19-35 
Acetic acid 13-20 5-28 0-88 7-04 
Butyric acid 19-36 10-56 1-76 7-04 
Lactic acid 4-00 1-60 0-27 2-13 
Total of products 63-53 24-70 3-27 35-56 
% total of (a) 101-6 96-5 115-1 104-2 
°% total of (b) 95-1 96-5 98-5 93-8 





volatile acid consists of equal parts of acetic and butyric acids. The recovery 
of C (91-8 and 96-5 %) is very satisfactory considering the number of different 
determinations involved and is of the usual order obtained in this type of work. 
The recoveries of “total mg.” and of H and O are high in comparison with C 
and is in some cases over the theoretical if pyruvate is considered to be the only 
initial reactant (“‘a” figures, Table VI). The high recovery of H and O indicates 
that water is also involved in the reaction. If the original pyruvate is calculated 
in terms of 3 pyruvate+H,O (‘‘b” figures, Table VI) then the % recoveries of 
“total mg.”, H and O are all in good agreement with the % recovery of C. 

The excellent recovery of C shows that it is unlikely that there are any 
unidentified and unestimated products of the reaction. If the small amount of 
lactic acid found (which probably arises from a side reaction) is not taken into 
account the main reaction seems to follow the equation: 


3CH,COCOOH + H,0 + CH,COOH + CH,CH,CH,COOH + 3CO, + Hy. ...(1) 


The mean production of the various products in a number of experiments fits 
in well with the requirements of this equation (Table V). The intervention of 
water in the proportion to pyruvate required is confirmed by the balance sheets, 
and the occurrence of acetic and butyric acids in equal quantities has been 
demonstrated in a previous section. 
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II. DEcomposItIon oF /-(+)GLUTAMATE 
Identification and estimation of fatty acids 


Examination of the fermentation fluid by the Duclaux method. Large-scale 
experiments were carried out to obtain sufficient volatile acid for Duclaux 
analysis. The quantities used were: 15 ml. 0-1 /-(+)glutamate, 10 ml. phos- 
phate buffer pH 7-2 and 10 ml. organisms in phosphate buffer. The experimental 
procedure was the same as with pyruvate. The d’ figures obtained in four 
experiments are given in Table VII. Comparison of these figures with the 


Table VII 


d’ numbers 





— =e . Y 


Exp. no. 110 112 113 114 
Fraction of distillate (ml.) 
30 31:5 31-4 31-5 31-4 
40 41-4 41-4 41-4 41-5 
50 51-1 50-9 51- 51-0 
60 60-5 60-2 60-5 60-7 
70 69-9 69-6 69-9 70-0 
80 79:3 79-0 79:3 79-4 
Xatio acetic : butyric acid S831 _. S92) 28:1 28:1 
Total volatile acid distilled 10-39 10-65 10-13 10-24 


(ml. V’/10) 


standards (Table I1) shows that we are dealing with a simple mixture of acetic 
and butyric acids; there is no indication of the presence of any other volatile 
acid. The first 30 ml. and the last 40 ml. of the distillate of Exp. 110 were 
redistilled separately. The accumulation of the more volatile acid in the former 
and the less volatile acid in the latter was of the order of magnitude required 
on the assumption that acetic and butyric are the acids in question (Table VIII). 


Table VIII 
d’ numbers 
Fraction of distillate eam arated es 
ml. First 30 ml. Last 40 ml. 


20 25-6 18:8 
40 47-6 37-7 
60 66-8 56-6 
80 83-7 77-0 
Approx. acetic : butyric ratio P33 >4:] 


As the total acid distilled was much less than that used in the standards the 
ratio is not accurately determined. 

The d’ numbers given in Table VII indicate that the volatile acid contains 
three parts of acetic acid to one part of butyric. The ratio is consistently slightly 
lower than 3: | (2-8-2-9: 1) but the deviation is within the limit of experimental 
error. Examination of the standards (Table II) makes it evident that the 
difference between distillation numbers for successive ratios becomes pro- 
gressively smaller the more the ratio increases above unity; the experimental 
error will therefore have'a great effect on the computed ratio with the higher 
concentrations of acetic acid. It must also be remembered that, as with 
pyruvate, it is not possible to correct for the proportions of volatile acid formed 
from unknown substrates in the “‘blank” reaction of the bacterial suspension. 
It seems justifiable to conclude that acetic and butyric acids are the only volatile 
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acids produced during the decomposition of l-(+)glutamate by Cl. tetanomorphum 
and that these acids are formed in the proportion of 3 acetic to 1 butyric. 

Identification of acetic and butyric acids. This was accomplished by the 
quinine salt method in the same way as described under pyruvate decomposition. 
A total of 64-5 ml. 0-1N volatile acid and 2-45 g. quinine sulphate (theoretical 
2-4 g.) were used for the separation. The yields al crude quinine butyrate and 
quinine acetate amounted respectively to 95 and 90 % of the the oretical assuming 
three parts of acetic to one of butyric. The purified products gave the following 
M,P. data (uncorrected) (Table IX) and analytical figures (Table X). 


Table IX 


Acetate: Shrinks Softens Melts 
Experimental product 119-120° 122° 123-5-125-5 
Pure quinine acetate 116 121 124 -—126 
Mixed 118 122° 123-5-125-5 

Butyrate: 

Experimental product 72 74-75° 77 -78° 
Pure quinine butyrate 72 76 77-5-78° 
Mixed 72 75 77 -78° 
Table X 
Acetate: % © % H % N 
Experimental product 68-34 7-66 7:23 
Pure quinine acetate 69-02 7-54 6-81 
Cale.: for Cy>H,,O,N,, C,H,O, 68-76 7:29 7:29 
Butyrate: 
Experimental product 69-06 7-69 7-03 
Pure quinine butyrate 69-08 7-65 6-43 
Cale.: for Cop>H,,N,0,, C,H,O, 69-90 7:77 6-80 


Complete analysis of reaction products. Balance sheets for the decomposition 
of /-(+)glutamate were computed from the values obtained from large-scale 
experiments. The procedure was the same as that described for pyruvate except 
that NH, was also estimated on aliquot parts of solution 6. The quantities used 
for the Krebs’ pots were: 6 ml. 0-1. glutamate or 6 ml. water, 12 ml. phosphate 
buffer pH 7-1 and 6 ml. bacterial suspension. For the manometric determina- 
tion of H, and CO, one-twentieth of these quantities was taken. Pure (thrice 
recrystallized) J-(+)glutamic acid was used as starting material. When H, and 
CO, production ceased the reaction fluid contained no amino-N (beyond the con- 
trols) indicating that the glutamic acid had been completely decomposed. The 
mean values obtained for the various products in four such complete experiments 
are given in Table XI. : , 

Table XI 


(All values less appropriate controls) 


Mol. (or omer. ) for med per mol. glutamate 


% n mean found 


Required by 


Range Mean equation (2) of required 

H, 0:20-0:30 0-24 0-20 120 
co, 0-82-0-88 0-85 1-0 85 
Volatile acid (equiv.) 1-48-1-53 1-49 1-6 93 
NH, 0-91-0-95 0-92 1-0 92 
Lactic acid | 

Succinic acid ' 

Formic acid { Absent 7¥ 

Alcohol ) 


Biochem. 1938 xxx1I 23 
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As with pyruvate the construction of balance sheets for individual experi- 
ments yielded further information as to the quantitative relationship between 
initial and final products. Two typical experiments are analysed in this way in 
Table XII. The assumption is made (justified in the previous section) that acetic 


Table XII 














Actual mg. mg. mg. mg. 
Exp. 75: es C H 0 N 
(a) Original glutamate 88-2 36-0 5:4 38-4 8-40 
(6) Original glutamate expressed in 101-2 36-0 6-84 49-92 8-40 
terms of 5 glutamate +6H,O 
Products: 
H, 0-36 — 0-36 — 
CO, 21-73 5-93 - 15-80 --- 
NH, 9-48 a 1-67 : 7-81 
Acetic acid 40-06 16-03 2-67 21-37 — 
Butyric acid 19-59 10-68 1-78 7:12 
Total of products 91-22 32-64 6-48 44-29 7-81 
% total of (a) 103-7 90-7 120-0 115-4 93-0 
% total of (b) 90-2 90-7 94-7 88-7 93-0 
Exp. 72: 
(a) Original glutamate 88-2 36-0 5:40 38-4 8-40 
(6) Original glutamate expressed in 101-2 36-0 6-84 49-92 8-40 
terms of 5 glutamate +6H,O 
Products: 
H, 0-29 - 0-29 _ _- 
CO, 23-15 6-31 - 16-83 — 
NH, 9-69 — 1-71 — 7-98 
Acetic acid 41-40 16-56 2-76 22-08 — 
Butyric acid 20-24 11-04 1-84 7:36 — 
Total of products 94-77 33-91 6-60 46-27 7-98 
% total of (a) 107-4 94-2 122-2 120-5 95 
% total of (b) 93-7 94-2 96-5 92-7 95 


and butyric acids are present in the ratio of 3:1. The recovery of C (90-7 and 
94-2°%) is again very satisfactory and of the order expected in this type of 
experiment. The recoveries of “total mg.” and of H and O are high in comparison 
with C and N and are in all cases over the theoretical if glutamate is taken to be 
the only initial reactant (‘‘a”’ figures). The greater than theoretical recovery of 
H and O can only mean that water is also involved in the reaction. A recovery 
of ‘‘total mg.”, H and O of the same order as that of C and N is most nearly 
obtained if the original glutamate is calculated in terms of 5 glutamate + 6H,O 
(‘‘b” figures). 

The high % recovery obtained in the balance sheets shows that it is im-. 
probable that there remain any unidentified and unestimated reaction products. 
The proportional mean formation of the various products (Table XI) is in 
reasonable agreement with the following equation for the main course of the 
reaction : 

5C;H,O,N + 6H,O — 6CH,COOH + 2CH,CH,CH,COOH + 5CO,+5NH,+ Hy. 

spaniel (2) 
The intervention of water in the proportion required is confirmed by the 
balance sheets and the acetic and butyric acids are in the ratio indicated by 
the Duclaux analysis. The mean quantity of free H, actually formed is, however, 
somewhat in excess of the requirements of (2). Some experiments give a value 
for H, closer to that required (see “‘range”’, Table XI). The significance of this 
equation is dealt with in the discussion. 
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Optical specificity. A few experiments were carried out with d-(—)glutamate 
and the rate of decomposition and quantity of some of the products compared 
with /-(+)glutamate. We are indebted to Dr H. A. Krebs for kindly supplying 
a sample of d-(—)glutamic acid. The mean results of two experiments are 
summarized in Table XIII. The rate of decomposition (as indicated by Q_) is 


Table XIII 


Mol. formed per mol. glutamate 
te 
d-(-) 
0-22 
0-79 
0-80 
Gn, 


Reg a ae ee ee 


17:8 9-6 


54% of that of the natural /-(+)isomeride. The slightly smaller absolute amounts 
of CO, and NH, from d-(—)glutamate are possibly explained by the larger blank 
deducted (since the reaction is slower). There is some evidence that at least part 
of the “‘blank”’ reaction does not occur in the presence of fermentable substrate. 
The d-(—)isomeride apparently gives a larger amount of H, but the excess over 
that formed from the /-(+)isomeride is well within the normal range of variation 
found with the latter [Woods & Clifton, 1937; Table VI]. 


DIscussIoN 


The decomposition of pyruvate and /-(+)glutamate by washed suspensions 
of Cl. tetanomorphum leads to the formation of the same main end products, 
viz. H,, CO,, acetic acid and butyric acid. The proportions of the acids are, 
however, different with the two substrates and ammonia is also formed from 
glutamate. A small amount of lactic acid is formed from pyruvate. On the 
basis of the quantitative data equations have been suggested which express 
approximately the balance between initial and final products. These equations 
have no other significance. It seems probable that in these decompositions we 
are dealing with a series of successive reactions together with side reactions. 
There is also evidence from the variability in the amount of H, formed [Woods 
& Clifton, 1937] that some intermediates may be further decomposed by two 
or more methods at different rates. Until it is possible to analyse each of the 
parts of the reaction separately there is little prospect of obtaining any équation 
representing truly the final balance of the reactants. 

It had been hoped that the identification of all the products might yield some 
hint as to the chemical mechanisms involved. A large number of experiments 
with possible intermediates, both alone and in admixture with the initial or 
final products have so far been unsuccessful. 

In the previous paper [Woods & Clifton, 1937] evidence was given that, with 
this organism, H, did not arise via formate. Recently Krebs [1937, 2], on the 
basis of work by Farkas et al. [1934] on the decomposition of formate by 
Bact. coli in the presence of heavy water, has suggested that H, arises from 
formate by the following reaction: 


H,:0+H.COO’ - H,+HCO,’, 


that is, the H, is derived from water and not from formate. Dr Krebs (personal 
communication) has suggested that with Cl. tetanomorphum we may be dealing 


23—2 
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with similar reactions between water and the substrates which give rise to H,, 
and that the source of H, in each case is water. On this theory there would be 
two possibilities: (a) that there is a direct reaction between water and all the 
substrates giving H,, or (b) that these substrates give rise to a common, but so 
far unknown, intermediate which reacts with water. With the two substrates 
investigated in detail in the present paper it will be noticed that it was necessary 
to postulate that water entered into the reactions; we have not studied the 
other H,-producing substrates from this point of view. 












SUMMARY 






The products of the decomposition of pyruvate and /-(+)glutamate by 
washed suspensions of Cl. telanomorphum have been subjected to detailed 
quantitative analysis. 

The main products obtained in both cases are: H,, CO,, acetic acid and 
butyric acid; l-(+)glutamate also gives NH,;. A small amount of lactic acid is 
formed from pyruvate but not from glutamate. 

On the basis of the quantitative data equations are proposed which express 
approximately the balance between initial and final products for the main course 
of the reactions. 

d-(—)glutamate is decomposed at about 50% of the rate obtained with the 
1-(+ )isomeride. 
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Note added 20 January 1938. Barker (Enzymologia, 1937, 2, 175) has recently 
described a fermentation of glutamic acid by a new or so far unidentified 
organism of the genus Clostridium. The products obtained in growth experi- 
ments are identical with those found by us with suspensions of Cl. tetanomorphum. 
Furthermore, the quantitative relationships are essentially similar to those found 
in the present paper. 
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THE colorimetric estimation of oestrone, based on treatment of oestrone with 
cone. H,SO, or a phenolsulphonic acid, followed by dilution with water and by 
heating the solution to develop the colour, was described by the present author 
in 1931. It has since been modified and its applications critically examined by 
a number of other workers [Cohen & Marrian, 1934; Cartland et al. 1935; 
Pincus et al. 1936; Venning et al. 1937]. In the meantime the method has been 
further developed by the author and the present paper is an account of the 
current methods in use for oestrone and urine extracts: only a brief account of 
these has been published hitherto [Kober, 1936]. 

The principal change which has been made is the substitution of 8-naphthol- 
sulphonic acid for phenolsulphonic acid as the reagent. Secondly, changes 
have been made in the technique of developing the colour, and thirdly, methods 
for estimation of oestrone in urine extracts have been elaborated. The detailed 
technique now used is described in the first section below and in subsequent 
sections the systematic investigations which form the basis of this technique 
are described. Finally, a description is given of investigations leading to a 
method of determination of oestrone in extracts of mares’ urine, and the possi- 
bility of applying this to human urine is discussed. It should be emphasized 
that this paper deals only with determination of oestrone; the same reaction 
however, although in a modified manner, is given by all the known oestrogenic 
hormones: their behaviour will be described in a later publication. 


I. Technique of determination of oestrone 


(a) Apparatus. Test tubes, 7-8 mm.x 70mm. with rubber caps. Glycerol 
baths, kept at 100° and 120°. Absorption cells of Zeiss Stuphometer, 1 and 
25mm. Stop watch. Photoelectric colorimeter with Lifa Filter, No. 210, or 
a spectrophotometer. Pipettes, etc. 

(6) Reagents. B-Naphtholsulphonic acid, prepared by dissolving 2-5 g. of 
B-naphthol in 100 g. of H,SO, (93-96%) in the cold. Distilled water (acidified 
with 0-5 °% H,SO, to prevent growth of mould). 50°%% acetone (mixture of equal 
parts of chemically pure acetone and water). 

Aqueous-alcoholic hydrogen peroxide solution (concentration 0-33 %): 
freshly prepared by mixing equal volumes of 96% alcohol and 0-67 %, aqueous 
hydrogen peroxide. 

(c) Preparation of mixture A. A quantity of the material to be tested which 
contains 2-5-12y of oestrone, dissolved in alcohol (acetone sometimes gives 
irregular results) is evaporated to dryness in a test tube. To the residue is added 
0-2 ml. of the B-naphthol reagent, the tube is shaken thoroughly and heated 
for 2 min. at 100°, shaking in the bath 45 and 90 sec. from the start: it is then 
cooled in ice water. At this stage, mixture A, the tubes can be stored in the 
dark for several hours. 

( 357 ) 
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(d) Mixtures By and B,. 0-2 ml. water is added to mixture A, the contents 
are well stirred while the tube is immersed in ice water, and the tube is then 
heated for 30 sec. at 120° or for 90 sec. at 100°, shaking it after 15 or 45 sec. 
heating respectively. The tube is then cooled in ice water for not more than 
10 sec. It has been found possible to handle up to 16 tubes at the same time by 
this method in our laboratory routine determinations. The mixture (Bp) is then 
transferred to the 1 mm. cell for colorimetry, or is diluted with 0-6 ml. of 65% 
H,SO, (1: 1 by volume) (mixture B,) and transferred to the 2-5 mm. cell. 

(e) Miatures Bs and B;. When, as in the case of urine extracts, measurements 
have to be made of the ‘‘residual colour” after treatment with H,O,, mixture B, 
is prepared from mixture B, (referred to in previous papers as B) as follows: the 
mixture B, is covered with 0-6 ml. of ice-cold acetone and the tube itself is 
cooled in ice water for about 10 sec. The tube is closed with a rubber cap, the 
contents mixed by inverting the tube four times, and then cooled in ice water 
until 20 sec., timed by a stop watch, after beginning the mixing. The liquid 
cell of the colorimeter is then filled and the reading is taken 60 sec. after the 
start. The “‘residual colour’? is determined in a second tube of mixture B, 
treated with 0-6 ml. of alcoholic H,O, and shaken for 10 sec. by inverting it 
about 20 times (mixture B,). 

(f) Colorimetry. Since the time factor is most important in obtaining repro- 
ducible results, the use of a photoelectric colorimeter or spectrophotometer is 
essential. The original apparatus designed for this purpose [Kober, 1933] has 
been modified by using 5°% Cu(NO3), solution instead of alum solution to filter 
off infra-red (I am indebted to Dipl. Ing. St. Gradstein for suggesting this 
improvement), and by using a blue-green Lifa Filter, No. 210 with a maximum 
transmission at 5000 A. 

This filter has the following characteristics: 


d(A,) I/I, 
4700 0-000 
4800 0-011 
4900 0-040 
5000 0-055 
5100 0-036 
5200 0-009 
5300 0-000 


The readings of the instrument in % of the total potentiometer resistance 
give directly the percentage absorption (°% A=100—D%; K =—log D=log I,//). 
A powerful monochromator has now been substituted for the light source and 
filter, resulting in a great improvement. The region 5050 + 100 A. is employed. 


Il. The reagent 


The original phenol reagent of Kober [1931] is very viscous, whilst the 
B-naphthol reagent is comparable with H,SO,. We found with the phenol 
reagent that intensity of colour was not directly proportional to the oestrone 
concentration [cf. Cohen & Marrian, 1934], and it was necessary to construct a 
calibration curve with known amounts of oestrone, although Pincus et al. [1936] 
appear to have found conditions under which proportionality held good. Under 
the conditions described here with the 8-naphthol reagent a calibration curve is 
superfluous. 

With the phenol reagent it is difficult to obtain the same results with different 
batches [cf. Cohen & Marrian, 1934, and Pincus ef al. 1936], partly, at least, 
because of the influence of varying amounts of water in the acid. Results are 








DETERMINATION OF OESTRONE 359 


highly reproducible with the 8-naphthol reagent, as illustrated by the figures in 
Table I. (All data given here and in the rest of the paper are, unless otherwise 
stated, of estimations made as described above with 1 ml. of mixtures B, or B,. 
The values of the absorption coefficient K =log J,/I , measured at 5050+ 100 A., 
refer either to the coloration of 10y of oestrone in 1 ml. of mixture B, (after 
dilution) in a 2-5 mm. layer or to 0-4 ml. of mixture B, (before dilution) in a 
Imm. layer. E!/: is obtained by multiplying these figures by 4000.) All 
measurements were made without a compensating cell and, therefore, the 
“reflection value”’ of the cell filled with the reagent only (‘‘blank’’) has always 
to be subtracted. 

Table II shows the influence of water content of the reagent on the coloration, 
which is decidedly smaller than that found for the phenol reagent by Cohen & 


Marrian [1934]. 
Table I. Reproducibility of the B-naphthol reagent 


Reagent no. K blank Kyoy oestrone 
18/5 0-056 0-279 
19/5 0-059 0-284 
20/5 0-058 0-282 
21/5 0-053 0-286 
27/5 0-055 0-272 

2/6 0-059 0-269 
14/6 0-051 0-277 


Mean 0:2796 


The reagents are each separate, freshly-prepared samples. The figures for the blank, and the 
figures for oestrone are means of from 2 to 4 and from 4 to 8 separate measurements, respectively, 


Table IT 
Water added 


% % H,S¢ 4 K yoy oestrone 
None 95 0-279 

1 94 0-272 

2 93 0-270 

4 91 0-265 

8 87 0-252 


Oestrone values are means of 3 separate measurements. 


It seemed, from the data in Table II, that a further increase in coloration 
might be obtained by further lowering the water content, but the figures in 
Table III, obtained with an acid prepared by admixture of oleum and H,SO,, 
show that there is an actual decrease, with a marked change between 98-5 and 
99-5% acid. Reagent prepared from oleum with 20% SO; gave Kyo,,=0-125. 
Apparently the mechanisms of the reaction in the presence and in the absence 
of water are different. 


Table III 


Water added 
% o H,S¢ Ms K yoy o strone 
None 99-5 0-162 
1 98-5 0-246 
2 97-5 0-251 
4 95-5 0-269 
8 91-5 0-260 


In Table IV are given figures illustrating the stability of the reagent under 
different conditions of storage. It is essential to exclude light and air, and 
even the use of a dark-coloured bottle is advisable. Irradiation of the reagent 
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sealed in an ampoule under CO, with a Hanau quartz lamp for 1 hr. had an effect 
similar to that of storage in daylight for a long period. 


Table IV. Stability of the reagent 








K tank Kyoy oestrone 
Days after ——_—" —_—_______, — ——_A—_______—_,, 
preparation (a) (b) (c) (a) (db) (c) 
0 0-053 (0-053) (0-053) 0-278 (0-278) (0-278) 
1 0-070 0-061 0-060 0-277 0-274 0-276 
2 0-074 0-060 0-060 0-281 0-275 0-269 
4 0-073 0-059 0-059 0-295 0-268 0-271 
8 0-084 0-058 0-056 0-294 0-275 0-283 
16 0-103 0-055 0-058 0-289 0-279 0-274 
32 0-133 0-055 0-054 0-293 0-275 0-280 


Reagent stored (a) in a half-filled bottle in daylight, (b) in a waxed, brown glass bottle in 
refrigerator, (c) in a waxed, brown glass bottle in the laboratory cupboard. The blanks and the 
oestrone values are means of 2-3 and of 4 separate determinations, respectively. 


No substance superior to B-naphthol has been found. «-Naphthol behaves 
similarly, but is impracticable because a 2-5°{ solution crystallizes. Anthrol, 
1:5-, 1:4-, 2:6- and 2:7-dihydroxynaphthalenes all give coloured solutions without 
the addition of oestrone, and even with the least coloured, the 2:7-compound, 
the oestrone colour is less intense than with B-naphthol. 


III. Preparation of mixture B 


The method of developing the colour by heating mixture A with water to 
give mixture B, has been modified considerably with a view to making the 
process as reproducible as possible. Mixture A is diluted with water while the 
tube is cooled in ice water. The effect of the subsequent time of heating is shown 
in Table V. 


Table V. Effect of time of heating at 120° of mixture By 


Time’... 5 sec. 15 sec. 30 sec. 45 sec. 60 sec. 
sie suites 0-185 0-291 0-285 0-282 0-260 


K values are means of 3 determinations. 


Since the change in colour between periods of 15 and 45 sec. heating is small, 
30 sec. are chosen as the best time in practice. Heating at 100° for 1-5 min. 
gives equally satisfactory results. Once the mixture has been cooled the colour 
remains stable at room temperature for 30 min., and the practical limit to storage 
of the mixture at this stage is generally crystallization of the B-naphthol- 
sulphonic acid. 

Dilution of mixture B, to a volume of 1 ml. was originally made [Kober, 
1931] with water, but some impure preparations became cloudy. It has not been 
possible to find the ideal, indifferent solvent which does not cause this effect 
and is equally suitable for “residual colour’? determinations. A mixture of 
equal parts of acetone and water is the most satisfactory, but immediately after 
dilution the colour begins to fade, and does so more rapidly at higher tem- 
peratures. The mixture is therefore kept as cold as possible and a rigid time 
schedule is adhered to for measurement, since in the routine conditions described 
the value of K falls to 94-95 % of the initial measured value 2 min. after mixing 
and to 88-90 % of this value after 5 min. 
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IV. Absorption curves of the mixtures obtained with the reagent and oestrone 
or mares’ urine extract free from oestrone 


Using the photoelectric spectrophotometer mentioned above, readings have 
been taken at intervals of 100 A. Since a sensitivity of 0-5-1 °% absorption (at 
50% absorption) is only attainable with this instrument with a spectral width 
of 50 A., any finer structure of the absorption bands is not detectable. The 
measurements were carried out on mixture B,, owing to the instability of 
mixture B,, and only a few points were checked with the diluted mixture to 
assure ourselves that both values were identical. The curve obtained is shown in 
Fig. 1, curve a. 


0-4 b 


0-3 


0-1 


0 
4500 5000 5500 
v(A,) 


Fig. 1. (a) Absorption curve of 10 y oestrone/ml.; thickness of layer =2-5 mm. 
(6) Absorption curve of 500 y oestrone-free extract from mares’ urine. 


The curve 6 in Fig. 1 shows the absorption of mixture B prepared from an 
oestrone-free benzene extract of the urine of non-pregnant mares, purified by 
treatment with aqueous Na,CO, and 65°% H,SO, (method II, described below) ; 
a weight of 500y, equivalent to about 1 ml. of urine, was taken. In the region 
5100-5200 A. the absorptions of 500y extract free from oestrone or of 10y of 
oestrone are equal, but the urine extract differs in that the value decreases 
markedly after dilution with 50% acetone, e.g. from K =0-315 to K =0-185 (the 
diluted solution being measured in a correspondingly thicker layer). 


V. Measurement of ‘residual colour” and its use for determination of 
oestrone in urine extracts 


As the example given in section IV shows, a simple photoelectric measure- 
ment of absorption would lead to the assumption of the presence of 10 mg. of 
oestrone per |. in a urine free from oestrone. When it was necessary simply to 
determine whether samples of urine (in a series amounting to tens of thousands) 
were worth extraction on a technical scale, it was sufficient to determine the 
total solids and to neglect any colorimetric “‘oestrone” value under 4% of the 
total solids (e.g. 2% in the above case by determination in By, and 1% in B,). 
Purification by such a process as that of Cohen & Marrian [1934] was impractic- 
able in these circumstances. 

For determination of oestrone in extracts of mares’ urine of low content 
or in extracts of human urine (less than 2 mg./l.), purification must be followed 
by a determination of the ‘‘residual colour”? based on the observation that 














362 S. KOBER 


H,O, destroys the characteristic oestrone colour selectively [Kober, 1931; 
Cohen & Marrian, 1934]. A new technique suitable for use with the B-naphthol 
reagent has had to be elaborated, since the Cohen & Marrian method leads to 
the formation of brown naphthoquinone in warm solutions, whilst no bleaching 
occurs in the cold. 

Two requirements must be fulfilled by the diluent, viz. (1) with pure oestrone 
the colour should be reduced to that of the blank mixture, and (2) with a urine 
extract free from oestrone, the colorimetric value should be the same as with 
50% aqueous acetone. The alcoholic H,O, solution used as described above is 
satisfactory in these respects. The following example demonstrates the degree 
of recovery of oestrone added to a fairly crude oestrone-free mares’ urine 
extract obtained by method IT (see below, section VI). 


175y extract +0-5y oestrone: 50% acetone: K,=0-207, 
175y extract +0-5y oestrone: H,O,: K,=0-195, 


K,—K,=0-011, equivalent to 0-4y oestrone, i.e. 80% recovery in a 1 : 350 
mixture. The amount of extract used here corresponds to 0-25 ml. of urine, and 
the limit of sensitivity of the reaction with such an extract is about reached at 
this concentration, i.e. 2 mg./l. 


VI. Purification of urine extracts for colorimetry 


Purification of urine extracts is necessary, not only because of the effect of 
high residual colours, but also, in human urine, because of the presence of 
inhibitors such as cholesterol in the neutral fractions. Thus the addition of 10, 
20 or 40y of cholesterol to 10y of oestrone reduces the amount found colori- 
metrically to 7-8, 7-0 and 5-5y, respectively. 

The extraction of the ““weak phenol” fraction by the method of Cohen & 
Marrian [1934] is valuable: this we have designated as method I below. 

Our routine method for extracting mares’ urine, designated method II, is 
as follows. 

20 ml. of urine, acidified with 1 ml. of 65°% H,SO,, are boiled for 2 min. 
After addition of 10 ml. of 96% alcohol the warm solution is shaken for 4 min. 
with 30 ml. of benzene and the benzene layer separated, after filtration through 
a filter-aid if the emulsion is persistent. The benzene is washed successively with 
1 ml. of 65°% H,SO,, water, 5 ml. of 10% Na,CO, and finally with water; it is 
evaporated, and the residue dissolved in 4 ml. of acetone (1 ml.=5 ml. urine). 

Method III is as follows: 200 ml. of mares’ urine are hydrolysed as in 
method II and then boiled for 3 hr. with 300 ml. of benzene. The benzene layer 
is extracted three times with 20 ml. of N NaOH and then discarded. The com- 
bined alkaline extracts are treated with 5 g. of NuHCO,, and then with sufficient 
HCl to give pH 8-9 (phenolphthalein colourless, but litmus blue). This solution 
is then extracted twice with 20 ml. of benzene; this is evaporated and taken up 
in 4 ml. of acetone (1 ml.=50 ml. urine). The whole of the phenolic fraction is 
isolated in this way and the purification of the extract takes half an hour. 
Whilst method II enables determinations to be made down to 2 or 3 mg./l., 
method III brings this limit down to 0-3 mg./l. 

Table VI gives examples of the recovery of oestrone added to various urines 
and extracts submitted to methods I, II or III. In Exps. 1-5 only 80-90% of 
oestrone added after purification by method II is recovered. This is evidently 
due to the presence of inhibitors, and observed oestrone values should be 
divided by 0-85. After applying this correction it is seen that in Exps. 6-9 
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Table VI 
Ratio Added 
Wt. of dry of total oestrone Recovered 
Purifi- extract extract to —— ——, — a When 
Nature cation mg./l. oestrone y per mg./I. mg./l. oestrone 
of urine method urine in extract tube urine urine % was added* 
Non-pregnant II 575 14:5 5 40 35 87 
mares 
= II 29 5 20 16 80 
~ Il 57 5 10 9 90 
ds Il 115 5 5 4-2 84 
= II 350 0-5 2 1-6 80 ‘ 
.» Il 15 40 28 70 b.e. 
9 IT 30 20 14 70 
és II 60 10 7-3 73 
* II 120 5 35 70 a 
[il 90 180 2-5 0-5 0-37 74 b.p. 
Ill 72 144 2-5 0-5 0-35 70 b.e. 
99 Itt 85 170 2-5 0-5 0-34 68 
Men [ 5:3 222 1-0 0-025 0-016 67 
I 1-4 68 1-0 0-025 0-019 75 
I 1-4 34 2-0 0-05 0-036 72 


* b.e.=before extraction; b.p.=before purification; a.p.=after purification. 


80% of the added oestrone was extracted. The same applies to method IIT, as 
shown by Exps. 11 and 12. In the purification alone, as Exp. 10 shows, the loss 
is slightly lower. In Exps. 13-15 the lower limit of sensitivity of the reaction 
with human urine is demonstrated by recovery of 75° of an added amount of 
25y, but in these cases, instead of subtracting the “residual colour’’, the value 
for the extract without added oestrone was subtracted; these differ by 10y/l. 

Actually a further correction should be applied when, as in these cases, only 
ly of oestrone is used for the determination, for the variation of K with con- 
centration is not linear with small amounts of oestrone, and the values of 
Kyo, oestrone Calculated in this region are 10-20% lower than the standard 

yalue. An empirical factor must ‘be determined, by which the oestrone value 
is multiplied, to correct for this effect and the presence of inhibitors: this is of 
the order of 1-25. Whilst the final error may be about 20%, it is still less than 
that of Secunia and application to estimations on urine of non-pregnant 
individuals is worth investigation. 

The method is also probably applicable to rabbits’ urine, although Pincus 
et al. [1936] speak of a ‘‘complete overestimation” of the oestrone content, 
whilst Marrian (private communication) finds that the “residual colour ’’ method 
of Cohen & Marrian [1934] appears to fail. We have found, using method I on 
10 ml. samples of a mixture of rabbits’ urine yielding 1 mg. of extract per 1. in 
two separate estimations, the following values: (1) acetone, 2-2 y, peroxide, 2-1 y; 
diff. (oestrone) =0-ly, and (2) 3-7y—3-7y=0. The urine therefore certainly 
contains less than 200 1.v./l. Using method III, 70 mg./l. of extracted solids 
had an apparent oestrone content of 0-3 mg./l. and this process of purification 
is evidently not a suitable one. 


VII. Calibration 


The calculation of the concentration of oestrone in an unknown sample is 
based on the existence of a constant value of the absor ption coefficient Kyo, oestrone: 
since Beer’s law holds over a wide range. This coefficient is measured directly or 


a.p. 











364 S. KOBER 


calculated, according to the method of calibration of the instrument, after 
subtraction of a blank value for the reagent alone, which is obtained by extra- 
polation of the curve of concentration/K to zero concentration. 

In Table VII the results are given of determinations of oestrone in 
four different concentrations (expressed as y oestrone in mixture B,), 
each determination being repeated 22-24 times. From the values at each 
of these concentrations values of Kyoy oestrone are calculated, which are nearly 
constant, with a mean value of 0-274. 


Table VIT 


Standard 
deviation Absorption y Oestrone 
for a coefficient Absorption calculated % 
No. of single after coefficient from mean standard 
Oestrone  deter- % light measured Absorption subtraction calculated absorption deviation 
y  minations absorption value coefficient of blank for 10y coefficient of K or 0 
c n %A oA K K-K, K 10y cfrom(k) oc% 
1 2 3 4 5 6 7 8 9 
a 24 31:3 0-53 0-1633 0-1073 0-269 3-9 3-2 
6 23 40-2 0-56 0-2233 0-1673 0-279 6-1 2-4 
9 22 50-2 0-60 0-3028 0-2468 0-274 9-0 2-1 
13 23 61-45 0-83 0-414 0-3580 0-275 13-0 2-7 


Mean 0-274 


VIII. Errors and reproducibility 


In Table VII the standard deviations of the measurements have been given 
in the fourth and ninth columns, calculated for the measurements and as per- 
centages of the concentration, respectively. Within this range of concentration, 
which is that generally used, the standard deviation for a single measurement is 
2-3°%. With 8 or 9 determinations the standard deviation of the mean is 
approximately 1°, and hence the greatest error to be expected is about 2%. 
Further increase in the number of measurements is not useful, for deviations 
from linearity of the K/c curve then become of the same order. It will readily 
be understood that when total colour and “‘residual colour’? measurements are 
made, the errors in each measurement must be added together. Thus the standard 
deviation of the difference may be so large that equality of total and residual 
colours does not necessarily imply absence of oestrone, and it is only strictly 
correct to express the result as indicating less than a certain amount of oestrone, 
e.g. 9 determinations of total colour of 300y of extract equivalent to 0-5 ml. 
urine gave A = 36-13 % +0-28 %, and 13 determinations of residual colour gave 
A =36-20 % + 0-52 %, i.e. corresponding to the apparent oestrone contents of 
(5-15+0-075y) and (5-15+0-13y), respectively. The standard deviation of the 
difference is 0-15y in a single determination, and a maximum oestrone content 
of 6000 1.v./l. is possible. With 4 determinations the maximum oestrone content 
is still 3000 1.v./l. Further purification of the extract will, of course, yield greater 
accuracy. 


SUMMARY 


1. A modification of the author’s original method for the colorimetric deter- 
mination of oestrone is described. A 2-5°% solution of B-naphthol in concen- 
trated sulphuric acid is used instead of the original phenol reagent. 

2. The effects of various factors on the reaction are discussed. 

3. Urines containing little oestrone can also be assayed colorimetrically by 
determining the ‘residual colour 
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due to impurities after destroying the 
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characteristic oestrone colour; the method being based on that of Cohen & 
Marrian. 

4. Suitable methods of purification of urine extracts are described. 

5. The error and reproducibility of the measurements are discussed. 
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XLIX. THE NITROGEN METABOLISM OF 
THE KELSEY PLUM 


By IZAK DONEN 


From the Chemistry Department, University of Cape Town 
(Received 30 November 1937) 


THE nitrogenous changes in mature Kelsey plums during storage appear to differ 
fundamentally from those in the apple. The most striking feature of the nitrogen 
metabolism of the apple is its phase of net synthesis of protein during the final 
stage of development on the tree [Hulme, 1936]. This drift towards protein 
synthesis is also characteristic of ‘“‘mature”, detached apple-fruits [Hulme, 
1932]. Mature Kelsey plums, on the other hand, show a distinct drift towards 
protein breakdown when stored at either 35 or 70° F. [Donen, 1937, 2]. 

Hulme [1935] has shown, however, that the nature of protein changes in the 
stored apple depends upon its stage of physiological development: thus “young” 
apples display the same characteristics as ““mature’’ plums and on storage at 
1 or 12° C. show protein breakdown. It is possible then that the nitrogenous 
changes in the plum during its full development to maturity do not proceed 
further than the stage corresponding to “young” fruit in the apple. The most 
important steps in the nitrogen cycle of the growing plum have therefore been 
ascertained and are presented in this paper. 


EXPERIMENTAL 


Material and method of sampling. Two series of samples were collected. The 
object was to gauge whether fruit collected from trees grown under different 
environmental and cultural conditions showed any marked variation in the 
relationship between the estimated nitrogenous compounds. 

Series I. The fruit was collected from 14 Kelsey trees worked on peach stock 
at Elgin, Cape. The trees were 9 years old and somewhat stunted in growth. 
Soil pebbly and poorly weathered. Petal fall on 20 October 1936. 

Series II. The fruit was collected from 12 Kelsey trees on Mariana root stock 
at Somerset West, Cape. The trees were well grown and 10 years old. Petal 
fall on 5 October 1936. 

To obtain a representative sample of plums Hulme’s method of numbering 
the branches and fruit on each tree was adopted [ Hulme, 1936]. The plums to be 
gathered for any one sample were then determined by a random selection of 
numbers. Each sample consisted of not less: than 48 fruits. The collection of 
samples began about 20 days after petal fall and continued as long as the 
ripening fruit remained on the tree. 

Preparation of material and methods of analysis. Only a brief outline of the 
methods employed will be given here, as they have been described in detail 
elsewhere [Donen, 1937, 1]. 

The fruit was brought to the laboratory within a few hours of picking. The 
plums were weighed and quartered. The stones were then removed and also 
weighed. Two opposite quarters of the pulp of each plum were then cut up finely 
by hand, thoroughly mixed and portions taken for extraction of soluble nitrogen 
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and for dry weight determination. Total nitrogen in the kernel and stone were 
estimated as outlined below for the fleshy portion of the fruit. Estimations of 
soluble, amino-, amide- and ammonia-nitrogen fractions were carried out on the 
pulp only, and in the discussion that follows all general references to nitrogen “in 
the plum” refer to nitrogen as estimated on the fleshy portions of the fruits only. 

At intervals during the growing season triplicate samples were collected and 
used for the estimate of sampling error. Standard deviations were calculated by 
means of the formula: 


/ Xw 
o= a/ s-1" 
where o = standard deviation, v = deviation from the mean, n = number of samples. 
Significant differences were taken as 20 and are indicated by lines along the 
appropriate curves in the figures given in the text. 

(1) Total nitrogen was estimated on material previously dried at 50° for 84 hr. 
Although tests showed nitrates to be absent, Ranker’s modification of Kjeldahl’s 
method to allow for nitrates was employed. The digest was made up to volume 
with ammonia-free water, and aliquots were used for determination of ammonia 
by a micro-distillation method. 

(2) Non-protein-nitrogen. In a preliminary study of the distribution of N 
compounds in aqueous and alcoholic extracts of plums [Donen, 1937, 1], 
evidence was obtained suggesting that aqueous extracts of “young” fruit (up 
to about 20 g. per plum) contained N compounds (presumably of protein com- 
plexity) which are precipitated by colloidal ferric hydroxide [Thomas, 1927]. 
Water extracts of more mature plums were found to be unaffected by treatment 
with colloidal ferric hydroxide in that the total soluble N remained unaltered. 
Furthermore, in these larger plums 75% alc. and water were found to extract 
equal amounts of the various N compounds estimated (soluble, amino-, amide- 
and ammonia-N). In the present instance, therefore, the non-protein-N extracts 
of the first six samples in Series I and the first four samples in Series II were 
obtained by grinding the pulp with ammonia-free water. The extract was 
cone. in vacuo at 25- 30° and then treated with colloidal ferric hydroxide. 

The alcohol extraction method was used for the remaining samples. Weighed 
portions of the material were frozen and kept at — 10° until extraction could be 
carried out. The frozen material was ground and extracted with 75% alc. at a 
low temp. The alcohol was distilled off in vacuo at 25-30° and the final extract 
was then made up to volume. The following estimations were carried out on 
aliquots of the extracts: 

(a) Non-protein-nitrogen. 20 ml. extract were evaporated to dryness in a 
Kjeldahl flask at 40° under reduced pressure. Digestion and estimation of 
ammonia was carried out as for total-N. 

(b) Free ammonia-nitrogen. This was estimated on 5 ml. extract by the 
method of Pucher et al. [1935]. A modified form of Parnas & Heller’s [1924] 
distillation apparatus was employed. The ammonia was collected in N/50 acid 
and back-titrated with N/70 alkali, methyl red-methylene blue being used as 
indicator. The ammonia-N figure served as a blank for amide- and amino-N 
determinations. 

Unexpectedly high values for ammonia were obtained during the early stages 
of growth of the plum. Since glutamine is known to be the cause of high results 
in this estimation, Chibnall & Westall’s revised method for estimation of 
glutamine was employed [Vickery et al. 1935]. None was found. 

(c) Amide-nitrogen. The method of hydrolysis employed was as laid down 
by Vickery et al. [1935]. These investigators have pointed out that urea and 
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allantoin may give rise to appreciable amounts of ammonia under conditions of 
ordinary glutamine or asparagine hydrolysis, and have suggested hydrolysis for 
4 hr. at 100° and pH 6-5 as a test for this source of ammonia. Since the amide-N 
values of extracts of early samples of plums were found to be greater than the 
amino-N values, the above test was carried out in case the high amide-N values 
were due to interfering substances, but no rise in ammonia-N was observed. 

(d) Amino-nitrogen. This was estimated by the Sérensen [1908] formaldehyde 
titration which was preferred to the usual Van Slyke method. A comparator was 
found satisfactory to compensate for the colouring matter in the extracts, which 
led to erratic results in the Van Slyke method. 
(e) Protein-nitrogen = total N—non-protein-N. 


















Expression of results 


It is usually assumed that the amide-N obtained on mild hydrolysis is due 
entirely to amides of the asparagine type. This requires the amino-N value to be 
at least equal to that of amide-N. Maskell & Mason [1929] have pointed out that 
many publications show the amino-N content of various plant tissues to be less 
than that of the amide-N. They emphasized the possibility of “‘amide-nitrogen ” 
being derived from sources other than asparagine and suggested that in such 

vases the correct procedure should be to discuss amino-N and amide-N separately. 
This has been done in the present instance as it was found that during the early 
stages of development of the fruit amino-N was consistently lower than amide-N. 

It is possible that low amino-N values were obtained because of the use of the 
formaldehyde titration method. But tests with the usual Van Slyke method also 
gave amino-N values lower than the amide-N. 

The results obtained in this investigation are shown in the form of graphs 
(Figs. 1-9) and are expressed as mg. N per fruit, or in terms of % total N. 




















DISCUSSION OF RESULTS 





In a discussion dealing with the development of a fruit like the peach or 
plum it is necessary to emphasize the importance of the stone. The stone 
reaches its full development early in the life of the fruit and marks a definite 
stage in its carbon metabolism [Donen, 1936]. During this period of “stoning” 
the rate of increase of total solids in the flesh of the fruit is very low and most 
of the incoming sugars appear to be utilized for the formation of cellulosic 
material of the stone. 

Since it will be shown that the nitrogen metabolism of the plum is also 
greatly affected by the growth of the stone,! the most important features of the 
growth and nitrogen increase in the stone and kernel will be briefly considered. 
Fig. 1 shows that the stone reached its full growth about 50 days after petal fall. 
The kernel continued accumulating N for almost the complete duration of the 
growth cycle, but the N content of the stone reached a maximum as soon as the 
stone was fully developed, and then dropped rapidly to a minimum value 
(Fig. 2). If the pulp and stone be considered as one unit, then it will be seen 
from Fig. 3 that the stone absorbed a considerable proportion of the total N 
taken in by the fruit during its initial period of growth. This proportion reached 
a maximum at approximately the middle of the “‘stoning’’ period. It will be 
shown that this maximum coincided with a minimum concentration of amino-N 
in the pulp of the plum. 


















1 The term ‘“‘stone”’ as used here refers to the endocarp only. 
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Fig. 1. Growth curves of plum and stone for both series. 
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Fig. 2. Nitrogen content of stone and kernel during growth. 


Fig. 3. Proportion of nitrogen, in stone plus pulp, accumulated by the stone alone. Note maximum 
values for Series I at day 35 and for Series II at day 30. 
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Fig. 4. Total, non-protein and protein-N content of pulp of Kelsey plums during growth 
(mg. N/fruit). 
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Fig. 5. The ratio of protein to non-protein-N in the pulp of the Kelsey plum throughout 
its development. 
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Fig. 6, [The amino-, amide- and ammonia-N content of the pulp of the Kelsey plum during 
growth (mg. N/fruit). 
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Fig. 7. The amino-, amide- and ammonia-N content of the Kelsey plum during growth 
(mg. N/fruit). Series IT. 
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Fig. 8. Amide-, amino- and ammonia-N in the pulp as % of total N. 
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Fig. 9. The ratio of the rates of intake of protein- and non-protein-N in the pulp of the plum, 
per day, per fruit. This curve was calculated from the equations of curves fitted to total and 
non-protein-N accumulation curves, Series I, Fig. 4. 








Protein- and non-protein-nitrogen. Except for a brief period during the early 
stages of its life (corresponding to the ‘“‘stoning” period) the plum accumulated 
greater amounts of soluble N than of protein-N (Fig. 4). The curves shown in this 
figure are very similar in form to the growth curves (Fig. 1) and indicate that N 
compounds were being accumulated by the fruit as long as it remained on the 
tree. The plum differs from the apple in showing no fall of total N towards the 
end of the maturation period of the fruit. In the apple this fall may possibly be 
connected with the ripening of the seeds [Hulme, 1934]. 
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The ratio of concentrations of protein-N to non-protein-N (P/NP) was very 
high in the first samples of each series, and by extrapolating the curves in Fig. 5 
it may be shown that during the first few days after fruit ‘‘setting” as much as 
80 % of the total N was stored as protein. The P/NP ratio fell rapidly during the 
“stoning” period and reached its lowest level at the beginning of the final stage 
of maturation, i.e. with the first dawn of colour in the flesh of the fruit. During 
this final stage the P/NP ratio remained practically constant. The remarkable 
phase of “‘net protein synthesis” which Hulme observed in mature apples appears 
to be absent in the plum. Nor has it been observed in grapes which also show a 
constant P/NP ratio throughout their ripening period although allowed to 
remain on the vine until the berries were almost “‘raisinified’’ [Douglas, 1937]. 

Non-protein-nitrogen fractions. The first stage in the development of the 
plum was remarkable for the high accumulation of ammonia which reached its 
maximum (in mg. N per fruit) at the end of the “‘stoning” period (Figs. 6 and 7). 
It then formed as much as 14% of the total or 25% of the soluble N in the 
pulp. In a study of the development of the wheat grain, Woodman & Engledow 
[1924] reported that the early sample contained as ‘much as 20% of its total N 
in the form of ammonia and concluded that a part at least of the entering N was 
in that form. It is highly probable that ammonia is also the primary nitrogenous 
substance entering the plum, for it would be most unexpected to have a con- 
siderable accumulation of ammonia as a result of down-grade processes at a time 
when synthesis of proteins proceeds at its maximum rate. 

The high ammonia content appears to be intimately associated with the 
process of stone formation: the ammonia-N increased during its growth, but 
diminished rapidly as soon as the stone was completely deve sloped. The period 
of “‘stoning”’ is characterized by the absence of sucrose, low rate of fructose and 
glucose accumulation and rapid hydrolysis of starch—all pointing to a high 
carbohydrate demand [Donen, 1936]. It is quite possible, therefore, that the 
high ammonia accumulation was due to a dearth of active carbohydrate which is, 
apparently, essential for conversion of ammonia into more complex nitrogenous 
compounds [Onslow, 1931; Murneek, 1935]. Hulme [1936] found no appreciable 
variations in the ammonia content of the apple throughout its growth. 

Amino-N changes in the early stages of the development of the plum also 
appear to be influenced by the growth of the stone. In Series I a significant 
drop in amino-N (as % total N) was observed during the “stoning” period 
(Fig. 8). Unfortunately the picking of samples for Series II began too late to 
illustrate the same point, but it is rather significant that the minimum values for 
amino-N in both series should have occurred at the time when the nitrogen in 
the stone (as proportion of the total-N in pulp plus stone) was at its maximum 
and the influence exerted by the stone must have been at its highest (Figs. 3 and 
8). If it may be assumed that the nitrogen supply of the stone came via the 
fleshy portion of the fruit, then the observed drop in amino-N might be explained 
by a migration of nitrogen into the stone. 

The ammonia content of the plum fell very rapidly during the second stage 
of growth (Figs. 6, 7 and 8). At the same time the amide- and amino-N values 
rose steeply. The ammonia and amide fractions appear to be distinctly inter- 
related, for it was observed that, as percentage of total N, the amide-N reached 
its maximum value at the same time as the ammonia-N fell to its lowest level. 
In addition, when amide-N per fruit ceased to increase during the maturation 
period (Figs. 6 and 7) the ammonia-N value showed a distinct upward drift. 

The cessation of amide-N storage mentioned above appears to be the only 
important event in the nitrogen metabolism of the plum that occurs during the 
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maturation period. The accumulation of amino-N (mg. per fruit) was in no way 
affected by the ripening process. 

Here it is of interest to note that, like the plum, the apple has a stage of 
almost complete cessation of amide-N accumulation [Hulme, 1936]. In the apple 
this is preceded by a stage of rapid increase in asparagine (i.e. increase in amide- 
N=increase in amino-N), and, as in the plum, any appreciable rise in amino- 
over amide-N takes place only after the latter ceases to be stored by the fruit. 
This phase in the nitrogen metabolism takes place very early in the apple’s life, 
and in this respect the original thesis that young apples and mature plums 
might, as far as nitrogen is concerned, be in the same physiological stage, seems 
to be substantiated. 

During the maturation phases, however, the apple and the plum differ 
strikingly in their nitrogen metabolism. In the apple the tendency is towards 
increasing synthesis and with maturation a state of ‘“‘net synthesis of protein” 
ensues. In the plum, on the other hand, slow inactivation of the processes 
responsible for protein synthesis appears to be the concomitant of maturation. 
This is suggested by the curve of the ratios of protein to non-protein-nitrogen 
accumulated per fruit, per day shown in Fig. 9. This curve was obtained by 
calculating the equations of lines of best fit to the experimental values for 
total and soluble nitrogen per fruit (Series I). From these the rates of accumula- 
tion were obtained and the calculated ratios plotted. It will be observed from 
Fig. 9 that with maturation there is a steady fall in the proportion of protein 
synthesized per unit of nitrogen taken in by the plum. 


SUMMARY 


1. The object of this investigation was to ascertain the most important stages 
in the nitrogen metabolism of the Kelsey plum. 

2. Methods of sampling and analysis are briefly described. Samples were 
collected from two different sets of Kelsey trees. 

3. Graphs are presented showing the changes in weight of fruit and stone, 
total N, non-protein-N, protein-N, ammonia-N, amide-N and amino-N through- 
out the course of development of the plum from petal fall to maturity. 

4. There are three stages in the nitrogen metabolism of the plum. The first 
stage is greatly affected by the growth of the stone: the protein-/non-protein-N 
ratio falls very rapidly from 1-8 to 0-6 during this period, ammonia-N accumulates 
in the fleshy tissue of the plum up to 14% of the total N content, and the 
percentage of amino-N is diminished, presumably by migration into the stone. 
The second stage is marked by a rapid rise in both amino- and amide-N whilst 
ammonia-N falls to its lowest level. It is suggested that ammonia- and amide-N 
are interrelated. During the last stage of maturation the amide-N content of the 
plum remains constant. 

5. It is pointed out that the nitrogenous changes that take place in the plum 
during its second and third stages of maturation also occur in the apple, but 
only when the latter is very “young’’. In mature apples the nitrogen metabolism 
tends towards increasing protein synthesis; in mature plums the tendency is 
towards increasing accumulation of non-protein-nitrogen. 
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ELLIncerR & Hirt [1929, 1, 2, 3; 1930, 1, 2; 1931] demonstrated the presence of 
a yellowish-green fluorescent substance in the kidney during their investigation 
of the function of the frog’s kidney by means of iebeweiial microscopy. This 
substance was extracted and shown to have the same chemical panies as the 
lyochromes isolated from whey by Ellinger & Koschara [1933, 1, 2, 3; 1934] 
and simultaneously and independently by Kuhn e¢ al. [1933, 1, 2, 3] from egg- 
white. In spite of many investigations carried out on these pigments nothing 
is known about the localization of the lyochromes in the different parts of the 
kidney. The following experiments were therefore made by the method of 
intravital microscopy to investigate their distribution in the kidneys of normal 
frogs, normal rats and rats fed on a lactoflavin-deficient diet as well as in the 
kidneys of these animals after injection of lactoflavin. At the same time the 
methods used for the quantitative estimation of the lyochrome content of 


tissues were investigated. 










EXPERIMENTAL 
The distribution of lyochromes in the frog’s kidney 

The frogs used were large specimens of Rana esculenta obtained from Hungary, 
weighing 70- 100 g. They were kept in a dark and cool basement in a tank where 
they could sit either in water or on a dry board. For periods varying up to six 
months they received no food. Before the experiments the frogs were prepared 
as described by Ellinger & Hirt [1929, 1]. They were narcotized percutaneously 
with urethane; the abdominal skin was cut through, the abdominal vein liga- 
tured and divided, the abdominal ‘avity opened and the kidney exposed to the 
objective of the intravital microscope. Fluorescent substances of two different 
types were seen. 

(1) A yellowish-green fluorescent substance was present in low concentration 
in the capsules of active glomeruli and in much higher concentration in the 
lumina of all the corresponding tubules and also in the epithelium of the proximal 
tubules. The substance was absent from the lumina of all tubules connected with 
inactive glomeruli (cf. Figs. 1, 2). 

(2) In addition, a substance with a more yellowish fluorescence was observed 
only in the epithelium of the proximal tubules; it was present as small granules 
either distributed uniformly in the whole cytoplasm or, more often, accumulated 
in that portion of the cells which bordered on the lumina. The lymph spaces 
between the cells showed no fluorescence. The yellow fluorescent granules could 
be observed more easily in the proximal tubules connected with inactive glome- 
ruli which were free from the greenish fluorescent lyochromes. The epithelial 
cells of the glomerular capsules and of the distal and collecting tubules contained 
no fluorescent material (cf. Figs. 2, 3). 
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After the death of the cells the yellowish-green fluorescent substance spread 
diffusely over the whole tissue of the kidney while the yellow fluorescent sub- 
stance remained confined to the epithelial cells of the proximal tubules. The 
above appearances were noted in frogs freshly caught as well as in those which 
were kept for many months without food. 

In order to examine the behaviour of the frog’s kidney towards higher con- 
centrations of lactoflavin in the blood, frogs which had been examined under 
the microscope as described above received injections of 20-80y lactoflavin 
dissolved in Ringer’s solution into the lymph sac of the leg. A few minutes 
later the blood in the renal arteries became fluorescent, and a fluorescence of 
about equal intensity was almost simultaneously observed in the capsules of 
the active glomeruli; a little later there was a much brighter fluorescence in the 
lumina and epithelia of the proximal tubules and in the lumina of the lower 
urinary tract. The lumina of the proximal and distal tubules were much brighter 
than those of the glomeruli and tubules had been before the injection of lacto- 
flavin. This increased fluorescence disappeared 2-5 hr. after the injection, the 
time depending on the amount of lactoflavin injected (cf. Fig. 4). 


The distribution of lyochromes in the rat’s kidney 


The rats used in the experiments were from the stock of the Lister Institute 
and of about 200-250 g. weight. They were narcotized with 1 ml. of 0-03 % 
solution of chloralhydrate per 100 g., injected intraperitoneally. A small incision 
was made through the skin of the back, the fascia and the muscles. The kidney 
was brought to the surface through the slit thus made by means of slight pressure 
on the ventral side and fixed on a small metal plate containing an opening for 
the hilus. The plate was fixed to the stage of the intravital microscope in order 
to avoid any movement and the kidney was decapsulated. During examination 
the rat was fixed on a heated stage and the surface of the exposed kidney was 
irrigated with Ringer’s solution heated to 40°. As only proximal tubules are 
present on the surface of the rat’s kidney it was necessary to slice a small section 
from the top of the kidney [vide Ellinger, 1934] to expose the glomeruli and the 
distal tubules. 

In the rat’s kidney, as in the frog’s, both greenish and yellowish fluorescent 
substances were found. The former was present in low concentration in the 
glomerular capsule and in higher concentration in the epithelial cells of the 
proximal tubules and in some of the lumina of these and of the distal tubules; 
most of the lumina, however, were dark. All the proximal tubules contained 
yellowish fluorescent granules distributed throughout the cells but concentrated 
more thickly round their edges. In the tubules which contained the greenish 
fluorescent substance, the yellowish fluorescence was masked to a great extent. 
The epithelial cells of the glomerular capsules and of the distal tubules were free 
from fluorescent material (cf. Fig. 5). 

In order to observe the effect of injecting lactoflavin, the top portion of the 
kidney was removed at a special operation carried out a few days previously 
under ether narcosis. At the time of the experiment the rat was narcotized 
with chloralhydrate as described above and fixed on the microscope stage; 
the kidney was brought to the surface. 1 mg. of lactoflavin, dissolved in 2 ml. 
of Ringer’s solution, was injected into the peritoneal cavity. The capsules of 
the active glomeruli immediately became brighter; a few seconds later a bright 
yellowish-green fluorescence was emitted by the lumina of the proximal tubules 
and almost simultaneously by the epithelial cells of these tubules and by the 














378 P. ELLINGER 


lumina of the distal tubules. This increase in intensity of fluorescence was 
observed only in urinary systems which had shown some greenish fluorescence 
before the lactoflavin was injected. About 2-2} hr. after the injection the 
intensity of the green fluorescence began to decrease and about 1 hr. later the 
picture was the same as before the injection of lactoflavin. 

The distribution of lyochromes was further studied in the kidneys of rats 
which had received a diet deficient in the whole vitamin B, complex, including 
lactoflavin, for about 6 weeks and which showed symptoms of the deficiency. 
The feeding of the rats was carried out by Miss C. E. Edgar to whom I am much 
indebted. The kidneys of these animals, examined with the intravital microscope, 
showed a diminished but still considerable fluorescence in the same areas of the 
kidney as in normally fed rats. The concentration, both of the greenish fluores- 
cent pigme nt in the lumina of the ur inary units and of the yellowish fluorescent 
material in the epithelial cells of the proximal tubules was reduced in com- 
parison with normal control rats, the latter pigment, however, to a less extent 
than the former. 


Discussion 


The microscopic examination of the distribution of lyochromes in the kidney 
of the frog and rat showed these pigments to be present in at least two different 
states. One pigment emitting a yellowish-green fluorescence was found in the 
lumina of the urinary tubules belonging to active glomeruli, in increasing con- 
centration from the glomerular capsule to the ureter; it was also present in 
the epithelial cells of the proximal tubules of these active units, where it stained 
the cytoplasm diffusely. The yellowish-green fluorescent material present in 
the kidneys of frogs and rats is probably free lactoflavin, which is excreted 
through the kidney and partly reabsorbed in the proximal tubules. When 
extracted it had the properties of lactoflavin [Ellinger & Koschara, 1933, 1, 2, 3]. 
The experiments in which lactoflavin was injected into frogs and rats confirmed 
this view, since after the injection the yellowish-green fluorescence of the lumina 
was greatly increased. The mechanism of the excretion of lactoflavin is similar 
to that of fluorescein, described for the frog by Ellinger & Hirt [1929, 3; 1930, 1] 
and for the rat by Ellinger [1938]. Lactoflavin, like fluorescein, is found spread 
over the whole tissue after the death of the cell. This was described by Ellinger & 
Hirt [1930, 2] as being due to a fixation determined by the static potentials of 
the living cell. 

It is probable that the granules with yellowish fluorescence seen in the 
epithelial cells of the proximal tubules also consisted of lyochromes, since they 
were reduced in amount in kidneys of rats which had been deprived of lactoflavin 
in their diet. The distribution of these granules remained unchanged after the 
death of the cell in a manner similar to that shown by acriflavin [vide Ellinger & 
Hirt, 1930, 2]. These granules are probably fixed in the protoplasm by some 
chemical or physico-chemical mechanism. This yellowish fluorescent pigment is 
not apparently a lactoflavin-phosphoric acid-protein compound such as the 
yellow enzyme of Warburg & Christian [1932, 1, 2], since this enzyme is not 
fluorescent and if present in the kidney would not be demonstrated by the above 
method. 

The epithelial cells of only the proximal tubules contained green fluorescent 
lyochromes; the pigments were probably reabsorbed from the lumen, since, 
when lactoflavin was injected, the green fluorescent lyochromes entered the 
epithelium from the lumen. No evidence was obtained as to the way in which 
the yellow fluorescent material entered the epithelial cells. 
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Frogs kept without any food for months continued to excrete lyochromes in 
the urine and also showed flavins in granules in the epithelium of the proximal 
tubules. The concentration of flavins did not appear to diminish with this long 
period of starvation, which suggests that the frog may be able to synthesize 
lyochromes. Young rats, on the other hand, which had been deprived of lacto- 
flavin in their diet for about 6 weeks showed a great reduction in the amount of 
free lyochromes in the lumina of the urinary tubules and a smaller reduction in 
granules visible in the epithelium. But even those rats which bore the signs of 
seyere vitamin B, deficiency still showed a small but continuous excretion of 
lyochromes. Kuhn e¢ al. [1935] also described a reduced but still considerable 
amount of lactoflavin in the organs of vitamin B,-deficient rats. 


Attempted quantitative estimation of lyochromes 

Attempts were made to estimate quantitatively the lyochromes present in 
the kidneys of normal rats and of rats deprived of the vitamin B, complex. The 
kidneys were minced, ground with sand in a mortar and extracted with water, 
dilute alcohol or dilute acetone. After repeated extractions the extracted 
material still showed a yellowish fluorescence under the intravital microscope. 
Extraction with these solvents was still incomplete after the tissues had pre- 
viously been boiled in dilute HCl. 

Liver, yeast and wheat germ were treated similarly; these also could not be 
freed completely from the fluorescent material by extraction with the above 
solvents. Attempts at quantitative estimation of the lyochromes contained in 
the kidney were therefore abandoned. 

The methods which have been used by other workers for the concentration 
and purification of lyochromes obtained from tissues were also studied. In most 
of these the lyochromes after extraction were concentrated by adsorption on 
fuller’s earth and subsequent elution with a pyridine-water-acetic acid mixture. 

A definite amount of lactoflavin was added to an aqueous kidney extract 
which was treated with different preparations of fuller’s earth. The adsorption 
was sometimes incomplete and sometimes complete; the more complete the 
adsorption, the more incomplete was the elution. After complete adsorption 
the adsorbate which had been treated 15 to 20 times with the above elution- 
mixture still yielded some fluorescent material on subsequent elution. The eluate 
obtained from tissue extracts always contained pigments other than flavins 
which prevented colorimetric or fluorimetric estimation of the lyochromes. The 
complete destruction of these coloured impurities by oxidation with potassium 
permanganate, as carried out successfully by Koschara [1934] with the eluates 
obtained from urine, was usually not possible in the eluates obtained from the 
animal and plant tissues examined. 

Attempts to estimate the lyochrome content of the tissue extracts by 
measuring the intensity of ultraviolet absorption at wave-length 2650 A. were 
without success. All the extracts showed a general absorption in the ultraviolet 
beginning at about 3500 A., due to impurities which could not be destroyed 
without destruction of the lyochromes. 

The concentration of lyochromes in the eluate has previously been estimated 
either by measurement of the intensity of the fluorescence of the lactoflavin 
contained in the eluate [vide v. Euler & Adler, 1934; Cohen, 1934; 1935, 1, 2; 
Josephi, 1934] or by colorimetric estimation of the lumiflavin content of a 
chloroform extract from the aqueous eluate after conversion of the lactoflavin 
into lumiflavin by exposure to light in alkaline solution [Warburg & Christian, 
1933; Kuhn e¢ al. 1934]. 
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Attempts were also made at quantitative estimation of the lyochromes in 
the eluates by comparing the intensity of their fluorescent light with that of a 
solution of lactoflavin of known concentration. For this purpose solutions 
containing from 1 to 200+ pure lactoflavin per ml. were compared. The differences 
in intensity of fluorescence excited by the light of a 10 amp. are lamp passed 
through a filter UG 2, Schott, Jena, were measured in a Bausch and Lomb 
colorimeter used as a nephelometer. The readings bore no relation to the con- 
centration of lactoflavin and were largely dependent on the particular conditions 
of lighting and the width of the layer of solution. Concentrations differing by 
as much as 10 times sometimes gave equal intensities of fluorescence. 

The procedures used for the extraction, concentration and purification of 
lyochromes from animal and plant tissue were shown to involve considerable 
losses of material. The colorimetric method for the estimation of lactoflavin 
concentrations suggested by Warburg & Christian [1933] and used on a larger 
scale by Kuhn et al. [1934] is marred by heavy and inconstant losses, calculated 
by Kuhn and his co-workers to be between 13 and 58%. 

The fluorimetric estimation of lyochrome concentration is also unreliable. 
In this method the intensity of the fluorescence is influenced by the neutral 
salt content of the solution and by the presence of coloured impurities, from 
which extracts of animal and plant tissues cannot be freed completely. Further, 
the above experiments with solutions of pure lactoflavin of different concen- 
trations showed that it is generally impossible to estimate the amount of a 
fluorescent pigment even in a pure solution. It is only by chance that correct 
results can be obtained by this method; very dilute solutions give the best 
chances of success. Kuhn & Moruzzi [1934] used this method to investigate the 
dependence of lactoflavin fluorescence on small changes in pH. They showed 
that the intensity of fluorescence was proportional to the concentration of lacto- 
flavin, but not to that of N.N’-dimethylalloxazine. Kuhn et al. [1934] abandoned 
this method when examining unknown concentrations of flavins in plant tissues, 
in favour of the colorimetric estimation of lumiflavin, a method which is also 
inaccurate for other reasons. Fink & Hoerburger [1933, 1, 2; 1934; 1935] 
examined very carefully the accuracy of the fluorimetric estimation of porphyrin 
solutions of unknown concentration and showed that it was impossible to obtain 
reliable results. 

The intensity of the fluorescence measured in a nephelometer is dependent 
on the amount of absorption as well as on the amount of emission. The relation 
between the intensity of the fluorescent light and the concentration of pigment 
is very complicated. The analogous problem of the variation of the intensity 
of scattered light with the concentration of sols was studied by Krishnamurti 
[1929]. Rinde [1934] showed that it was possible to find a formula for the 
variation of the intensity of Tyndall-light with the concentration of sols taking 
into account absorption as well as emission. This formula is in practice only 
valid when a constant and invariable source of light is available, a condition 
which cannot be maintained at present in fluorimetry [vide also Zerban & Sattler, 
1937]. The source of ultraviolet light has to be of the highest possible intensity 
and of point form, which can be obtained only by using a carbon arc lamp. Only 
when the intensity of the exciting light is so great that it passes the layer of 
pigment solution without significant loss of intensity can the intensity of the 
emitted fluorescence be proportional to the concentration of the pigment. An 
approximation to the attainment of this condition could be secured by diminish- 
ing the pigment layer to a minimum; this, however, would limit the accuracy 
of the measurement. 
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It might be possible to use the intensity of fluorescence as a measure of the 
concentration of the fluorescent substance by diluting the solution of unknown 
concentration with water till the visible fluorescence just disappears [vide 
Whitnak et al. 1937]. If the smallest concentration of the fluorescent pigment 
which just gave a visible fluorescence and the amount of dilution were known 
the concentration could be estimated. But even so impurities and salts might 
influence the limiting value of the fluorescence. 

Under these circumstances the most satisfactory method seems to be that 
of .biological estimation, in which the growth-promoting power of the material 
containing lyochrome is compared quantitatively with that of pure lactoflavin. 
This method is laborious, and, like all biological methods, has a large margin 
of error. The chief difficulty is to provide a basal diet sufficiently free from lacto- 
flavin. This method has been used by Copping [1936] and by Edgar et al. [1937]; 
Copping & Roscoe [1937] who used it for determining the flavin content of 
baker’s yeast found at least 180y per g., an amount 5-10 times greater than that 
obtained by workers using the above chemical 7% physico-chemical methods 
| Warburg & Christian, 1933; Kuhn et al. 1934; Kuler & Adler, 1934]. The 
figures for the lyochrome contents of various dae and animal tissues derived 
from the chemical or physico-chemical methods of estimation discussed above 
are, therefore, probably much too low. 


















SUMMARY 

1. The distribution of the lyochromes in the kidneys of frogs and rats was 
studied by intravital microscopy. Two types of lyochromes were found: (a) a 
yellowish-green fluorescent pigment in the lumina and in the epithelial cells 
of the pr oximal tubules of active urinary units; these pigments are excreted and 
partly reabsorbed in the proximal tubules: (b) a yellowish fluorescent pigment 
distributed in granules in the epithelial cells of all proximal tubules whether 
belonging to active or inactive units. 

Lactoflavin injected into animals was eliminated in the glomeruli, concen- 
trated and partly reabsorbed in the proximal tubules and concentrated further 
in the lower parts of the urinary tract. Its behaviour was similar to that of 
fluorescein. The yellowish fluorescent lyochromes fixed in granules in the 
proximal tubules showed some similarity with acriflavin. 

2. Frogs kept without any food for several months excreted lyochromes 















continuously i in the urine and showed abundant yellowish fluorescent material 
in the epithelium of the proximal tubules. Rats deprived of lactoflavin in their 
diet excreted lyochromes in smaller amounts than normally fed rats and frogs. 
In such rats lyochrome granules were still present in the epithelium of the 
proximal tubules, but in smaller amounts than in normally fed rats. 

3. The chemical and physico-chemical methods used for the quantitative 
estimation of lyochromes in plant and animal tissues have been discussed and 
the errors involved in them have been pointed out. The conclusion is reached 
that the figures obtained by these methods are much too low. The biological 
estimation of the lyochrome content is considered to be the most satisfactory 
method. 
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DESCRIPTION OF PLATE VI | 


Figs. 1-5. Photographs of living kidneys. Special lenses for intravital microscopy and Schott 
light filters (BG 3, 3-5 mm. and GG 5, 1 mm.) were used in taking these photographs. | 


Fig. 1. Frog’s kidney, ventral side; (a) glomerulus; (b) distal tubules. Greenish fluorescent lyo- 
chromes in the glomerular capsule in low concentration and in the distal tubules in higher 
concentration. 

Fig. 2. Frog’s kidney, dorsal side; proximal tubules: the bright ones in the centre (a) contain 
greenish fluorescent lyochromes in lumen and epithelium, the darker ones (b) only yellowish 
granules in the epithelium. 

Fig. 3. Frog’s kidney, dorsal side; one proximal tubule: yellowish fluorescent granules in the 
epithelial cells (a) cell borders, (b) dark. 

Fig. 4. Frog’s kidney, ventral side; glomerulus (a) and one proximal tubule 8 min. after the injection 
of 0-5 ml. lactoflavin sol. 1/12,000. Epithelium (b) and lumen (c) of the proximal tubules 
very bright. 

Fig. 5. Rat’s kidney; proximal tubules, yellowish fluorescent epithelia; (a) one greenish fluores- 
cent tubule, (b) in the lower right corner. 
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METABOLISM BY STAPHYLOCOCCUS AUREUS 
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Knicut has shown [1937, 1, 2] that nicotinic acid or its amide and aneurin 
(vitamin B,) are both necessary for the growth of Staphylococcus aureus in a 
medium which contains only definite chemical compounds, mainly certain 
amino-acids and glucose [Fildes et al. 1936; Fildes & Richardson, 1937]. Further- 
more, pyruvate plays an important part in growth under anaerobic conditions. 
It was therefore of interest to investigate the part played by aneurin in the 
metabolism of the organism, in view of the findings of Krebs [1937] concerning 
pyruvate dismutation by staphylococci, and of Peters and his school [1936] 
on the importance of aneurin in restoring the deficient O, uptake of avitaminous 
pigeon brain, especially with pyruvate as substrate. 

Krebs [1937] showed that staphylococci can effect an anaerobic dismutation 
of pyruvate to lactate, acetate and CO,, according to the equation (1). 


2CH,CO.COOH + H,O=CH,CHOH.COOH+CH;COOH+CO,. ...(1) 


He maintained that the oxidation of pyruvate by staphylococci proceeded 
through this anaerobic phase, followed by oxidation of the lactate formed. 

The present paper provides further evidence in support of this view. In the 
case of staphylococci grown with minimal amounts of aneurin for good growth 
in the presence of ample excess of all other essential nutrients, the O, uptake 
with pyruvate as substrate is very small, but it is increased immediately by the 
addition of aneurin chloride, while the O, consumption of organisms grown with 
ample excess of the vitamin is not affected. The failure of O, uptake by organisms 
grown in the presence of suboptimal amounts of aneurin is essentially due to 
inability to carry out the anaerobic phase, since the anaerobic CO, production 
in the presence of pyruvate is also small in the absence of added aneurin. Krebs’ 
failure to show any effect of aneurin on this process is evidently due to the 
presence of an ample supply of the vitamin in his culture medium (broth agar), 
whereas in our case it has been possible by adjustment of the quantity of 
aneurin in the culture medium, to produce at will “‘aneurin-deficient” or 
“aneurin-sufficient” cocci. 

Experimental methods 


(1) Manometric methods. Methods employing simple Warburg manometers 
were used as described by Dixon [1934]. All experiments were carried out at 
37-5°. In anaerobic experiments the 5% CO, in N, gas mixture was freed 
from oxygen by passing over red-hot copper. In aerobic experiments in 
which the suspension medium was buffered by phosphate the gas was air; CO, 
was removed by 20% KOH, 0-2 ml. per vessel. Metabolic rates are expressed 
as usual, as pl. gaseous metabolite at N.T.P. per hr. per mg. dry wt. of cocci. 
(1 millimol = 22,400 jl.) 
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(2) Materials. Pyruvate solutions were made up as required from a stock 
solution of 5N pyruvic acid, prepared as described by Clift & Cook [1932] and 
stored at 0°. Lactate was freshly made up from crystalline 1(+)-lactic acid 
(B.D.H.). The aneurin was a synthetic specimen. 4-Amino-5-aminomethyl- 
2-methylpyrimidine and 4-methyl-5-8-hydroxyethylthiazole were specimens 
supplied to Mr B. C. J. G. Knight by Dr A. R. Todd. 

(3) Bacteria. The organisms were cultured aerobically for about 40 hr. in 
250 ml. Erlenmeyer flasks each containing about 40 ml. of the basal medium 
described by Fildes & Richardson [1937]. Aneurin was used in a concentration 
of 10-7M when an ample excess was required. Most of the organisms used in 
this work, however, were grown in a medium in which the aneurin concentration 
had been reduced to 3 or 4 x 10-°M. Under these conditions the bulk of growth 
was not greatly reduced and the ratio of dry weight to volume of organisms 
was not significantly altered. Organisms grown under these conditions are 
described as aneurin-deficient. Further reduction of the aneurin concentration 
to 2x 10-°M led to variable amounts of growth, and even when the growth 
appeared to be good the metabolism was often low, as if the number of surviving 
organisms was small. 

The organisms were collected by centrifuging at 2500 r.p.m. for } hr. They 
were washed once with a volume of 0-9 °% NaCl equal to half that of the culture 
medium used. It was shown that further washing had no appreciable effect on 
the metabolism of the organisms. Growth tests, with the contents of the vessels 
at the end of a manometric experiment as a source of aneurin, failed to detect 
its presence except where it had been added to the suspension medium. 

A suspension of the organisms in a small quantity of 0-9°% NaCl was stan- 
dardized in quadruplicate by means of the haematocrit. The dry weight of the 
organisms was determined in a number of cases by washing 0-3 ml. of the 
suspension free from salt with 5 ml. distilled water, and drying the centrifuged 
organisms to constant weight in the steam oven. A control with 0-3 ml. of saline 
was performed simultaneously. The ratio of dry weight to haematocrit volume 
was constant within the limits of experimental error—0-32 for organisms grown 
under the above conditions (Fujita & Kodama [1934] give 0-23 for Staph. 
aureus grown on agar). The haematocrit volumes were converted into dry weights 
by means of the ratio 0-32 when the dry weight was not determined directly. 

The standardized suspension was diluted with 0-9°% NaCl so that 1 ml. 
formed a suitable quantity to add to the buffered teodlenn in the manometer 
vessels. The diluted suspension was used at once since the activity of aneurin- 
deficient staphylococci diminished appreciably on storage, even at 0°. 


The effect of aneurin on O, uptake in the presence of pyruvate 


Varying amounts of synthetic aneurin chloride in distilled water were tipped 
from the side-bulbs of conical manometer vessels after a preliminary control 
period. The results for a crop of organisms grown with optimal concentration of 
aneurin are shown in Table [. The increase in the rate of O, uptake on adding 
aneurin after 30 min. is not significantly different from the rise which occurs in 
control vessels to which no aneurin is added. Even when the rate of respiration 
begins to fall after 150 min. the effect of added aneurin is small, even if signifi- 
cant. 
In the case of aneurin-deficient organisms, on the other hand, the low falling 
O, uptake of the control period is raised to a maximum 3 to 6 times the control 
value by the addition of similar amounts of aneurin, as shown by Table IT. 








[to Ill. The effect of added aneurin on O2 uptake 


Pyruvate, 24mM/. Phosphate, pH 7-6, 32mM., 3-5 ml. fluid 
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Table I. Staph. aureus grown with 10-7 M aneurin 
Crop A, 3-76 mg. cocci per vessel. 
Added aneurin 
x 10-8 M at Qo, at (min.) 
30 min. 160 min. 0-30 50-110 120-150 160-190 170-200 
0 - 40-9 41-4 36-9 36-9 
' 0 173 44:8 47-5 44-2 — 47-4 
9 na 42-1 45-9 —_ = 
43 wa 41-6 44-7 = 
173 _— 37-9 45-3 38-4 40°5 — 
Table Il. “ Aneurin-deficient”’ Staph. aureus 
Cone. of Aneurin 
j Wt. cocci aneurin <10-° M Qo, at (min.) 
per vessel during added at 2 A 
Crop mg. growth 30 min. 0-30 50-100 
B 3°23 3x10°M 0 6-8 6-2 
3 7-4 14-1 
9 8-1 16-6 
21 79 18-6 
43 8-3 18-7 
Cc 4-76 3x10°M 0 6-7 4-2 
7 12-7 18-9 
| 19 oa 19-4 
43 4-4 22-1 
173 8-6 21-0 
D 4-32 2x10°M 0 6-4 2-7 
7 6-2 12-6 
19 6-3 12-9 
43 6-3 16-3 
173 71 18-7 
Table III. Viable count and maximum O»2 uptake 
Viable count Qo, 
Organisms per mg. dry wt. 50-110 min. a 
Crop of — A, B, at 30 min. Qoz x 10 
organisms _ Initial Final Mean (M) =43 x10-°M M 
A 1-05 1-04 1-05 x 10° 44-7 4-25 
B 0-57 0-47 0-52 x 10° 18-7 3-6 
Fig. 1 contrasts the effect of increasing concentrations of added aneurin on 
the O, uptake of organisms grown in the presence of the minimal concentration 
of aneurin (3x10-° M; crop B) with the lack of effect of added aneurin on 
the O, uptake in the case of organisms grown simultaneously, but in the presence 
of excess of aneurin (100x 10-° MW; crop A). 
It will be seen from Tables I and II and especially from Fig. 1, that the 
maximum rate of O, uptake of aneurin-deficient organisms in the presence of 


added aneurin does not reach the value for organisms grown in the presence of 
excess aneurin. The discrepancy is accounted for by the difference in the number 
of actually living organisms as determined by the agar roll tube method by 
Dr G. P. Gladstone (Table ITI). 

Table IIT also shows that the effect of aneurin in raising the O, uptake of 
aneurin-deficient organisms cannot be due to multiplication, since the number 
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surviving at the end of the experiment is significantly less than that present 


initially. 
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Fig. 1. 
Fig. 1. O, uptake of Staph. aureus. Effect of aneurin. Phosphate, pH 7-6, M/30; pyruvate, 


M/40, 3-5 ml. fluid. Crop A, cultured in the presence of 1077 M aneurin, 3-8 mg. cocci 
per vessel. Crop B, cultured in the presence of 3x10~*° M aneurin, 3-2 mg. cocci per 
vessel, 

Fig. 2. O, uptake of aneurin-deficient Staph. aureus. Effect of aneurin with lactate and 


pyruvate as substrates. Phosphate, pH 7-6, 1/30, 2-8 ml. fluid, 2-9 mg. cocci per vessel. 
B,=aneurin in the medium, 10-* M. Substrates added at 40 min.: L=lactate M/200, 


P=pyruvate M/50. 
Lactate and pyruvate as substrates 


Since, according to Krebs’ view, the O, uptake of staphylococcus in the pre- 
sence of pyruvate is mainly due to the oxidation of lactate produced by a dis- 
mutation in which O, plays no part, the O, uptake of the same suspension was 
studied in the presence of these substrates with and without added aneurin. 
According to Krebs’ equation (1) for the dismutation, 1 mol. of lactate is formed 
from 2 of pyruvate. The rate of O, uptake at a lactate concentration less than 
half the pyruvate concentration must at least equal that in the presence of 
pyruvate if the O, uptake in the latter case is to be accounted for by the oxidation 
of lactate. Fig. 2 shows the effect of adding after a preliminary control period 
lactate and pyruvate to give M/200 and M/50 solutions respectively. 

The addition of pyruvate in the absence of aneurin has little effect on the 
O, uptake, but in the presence of the vitamin a large increase occurs which is ! 
maintained for nearly 3 hr. The addition of lactate, however, produces a very 
much larger increase in respiration, at first independent of the presence of 
aneurin. In the absence of aneurin the rate of O, uptake subsequently falls to 
a fairly steady level almost identical with that obtained when pyruvate is 
the substrate in the presence of aneurin. The fall of the rate of O, uptake in 
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the presence of lactate is partially prevented by the presence of aneurin, the 
almost steady level reached in this case being significantly higher than when 
aneurin is absent. These facts may be explained if the lactic dehydrogenase 
system of staphylococcus behaves similarly to that of animal tissues for which 
Green & Brosteaux [1936] have shown that the oxidation of lactate is strongly 
inhibited by pyruvate. There is evidence for the oxidation of lactate to pyruvate 
by Staphylococcus [Sevag & Neuenschwander-Lemmer, 1936]. Since in the 
absence of added aneurin pyruvate promotes little O, uptake of aneurin- 
deticient staphylococci, it is concluded that any pyruvate formed from lactate 
cannot be removed to any great extent by further oxidation under these con- 
ditions. Moreover, with lactate in the absence of appreciable amounts of its 
oxidation products, aneurin appears to have no direct effect on the O, uptake of 
aneurin-deficient staphylococci as Sherman & Elvehjem have suggested [1936] 
in the case of the tissues of polyneuritic chicks [cf. Meiklejohn, 1933]. We are 
forced to the conclusion that its effect on the oxidation of pyruvate must occur 
in the anaerobic dismutation to lactate, in spite of Krebs’ failure to detect any 
effect with organisms grown on agar. As already described, it is necessary to 
have aneurin-deficient organisms before it is possible to show any effect of 
added aneurin on the O, uptake. Krebs’ organisms correspond with the aneurin- 
sufficient crop A of the present work. 


Anaerobic production of COz in the presence of pyruvate 


The anaerobic production of CO, in the presence of a bicarbonate buffer, in 
which no retention of CO, occurs, can be used as a measure of the anaerobic 
dismutation of pyruvate when this compound is used as a substrate [Krebs, 
1937]. Table IV shows that aneurin has a definite effect on the anaerobic pro- 
duction of CO, in the presence of pyruvate. 


Table [V. Anaerobic COz production with pyruvate 
Bicarbonate, 5% CO, in N,. pH 7-2-7-3, 2-7 ml. fluid 


Conc. of 


Wt. cocci aneurin Qc3, 
per vessel during Time —4*— 
Crop mg. growth Suspension min. No B, +B, 
E 2-9 4x10-°M Bicarbonate 15mM. Py- 0- 30 3-5 12-6 
ruvate, 20mM to give 45-— 75 7:8 15-8 
210 pl. CO, per mg. 105-195 6-1 18-0 
cocci*, + B,=10-°M 
aneurin 
if 54 4x10-°M Bicarbonate 19mM. Py- 0- 30 19-0 59-3 
ruvate, 24mWM to give 30— 40) 23.9 66-3 
125 wl. CO, per mg. 45- 60) Sastre 57-5 
cocci*. + B, = 1-2 90-120 23-7 14-9 
10-° M aneurin 
G 6-6 3x10-°M __ Bicarbonate 15mM. Py- 0- 30 8-9 27-5 
ruvate, 20mM to give 30- 90 10-1 30-3 
93 wl. CO, per mg. 120-180 12-2 2-5 
cocci*. + B, = 10° M 
aneurin 


* Calculated according to equation (1). 


The autocatalytic behaviour of the reaction observed by Krebs is confirmed. 
This is probably due to lactate, which Krebs has shown to catalyse the reaction. 
From the variation of the activity of different cultures it appears that aneurin 
is not the sole factor concerned. The viability of the organisms may be responsible 
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to some extent for these differences (cf. Table III); the phosphopyridine-nucleo- 
tide coenzymes may also be concerned since Krebs [1937] has shown that they 
catalyse the reaction and Knight [1937, 1, 2] that nicotinic acid or its amide is 
necessary for the growth of staphylococcus. With the more active cultures the 
rate of the reaction shows a marked falling off towards the end of the experiment 
in the presence of added aneurin when more than half the substrate appears to 
have been consumed. 

It has now been shown that both the O, uptake and the anaerobic CO, 
production of aneurin-deficient staphylococcus in the presence of pyruvate are 
defective. We conclude that both the anaerobic and oxidative removals of 
pyruvate are impaired and are now in a position to explain some of the observed 
features of Fig. 2. The identity of the final rates of O, uptake for pyruvate in 
the presence of added aneurin and for lactate in the absence of added aneurin 
are evidently due to the occurrence of one and the same main oxidative process 
in both systems, i.e. the oxidation of lactate to pyruvate in the presence of the 
latter as inhibitor. In the presence of added aneurin pyruvate may be removed 
by dismutation. The inhibition of lactate oxidation by pyruvate accumulation 
is therefore not so pronounced in the presence of added aneurin. In an experi- 
ment with a smaller amount of lactate, which was prolonged until O, uptake 
had fallen almost to that of a control without substrate, in the presence of added 
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Fig. 3. Oxygen uptake of aneurin-deficient Staph. awreus. Phosphate, pH 7-3, M/30, 3-5 ml. 
fluid, 3-0 mg. cocci per vessel. No B,=no aneurin in suspension medium. + B,=aneurin in 
suspension medium 1-1 x 10-°M. Substrates added at 15min. to give 2-85mWM final con- 
centration: O=control, A=acetate, L=lactate, P= pyruvate. 


aneurin no pyruvate was detected by the Simon & Piaux nitroprusside test 
[1924]. The additional O, uptake with lactate above that of the control corre- 
sponded with the consumption of very nearly 1 mol. O, per mol. lactate (Fig. 3), 
in accordance with the equations: 


2CH,CHOH.COOH + 0,=2CH,CO.COOH+2H,0, sass (2) 
2CH,CO.COOH + H,O=CH,CHOH.COOH+CH,COOH+CO,, ...... (1) 
CH,CHOH.COOH+0,=CH,COOH+H,0+CO,, 2 saseee (3) 


In the absence of added aneurin reaction (1) occurs very incompletely. The 
O, uptake is less and pyruvate accumulates (nitroprusside test). Fig. 3 also 
shows directly that added pyruvate has a definite inhibitorv effect on the 





# O, per mg, dry wt. 
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O, uptake with lactate as substrate in the presence of aneurin; under these con- 
ditions the pyruvate formed by reaction (2) does not accumulate; in the absence 
of aneurin the accumulation of pyruvate is almost sufficient to mask the effect 
of added pyruvate. Acetate does not significantly increase O, uptake, either 
with or without added aneurin. It is therefore clear that the oxidation of the 
lactate formed by dismutation is mainly responsible for the O, uptake with 
pyruvate as substrate. 


The effect of components of aneurin on metabolism 


Knight has shown [1937, 2] that an equimolecular mixture of 4-amino-5- 
aminomethyl-2-methylpyrimidine and 4-methyl-5-8-hydroxyethylthiazole is 
practically as effective as aneurin chloride itself for the growth of staphylococcus. 
These compounds have similar substituents to the corresponding parts of the 
aneurin molecule ; the C atom attached to position-5 of the pyrimidine compound 
forms the bridge between this and the thiazole nitrogen in aneurin. 

Fig. 4 shows the effect of adding these compounds singly, together and 
consecutively on the O, uptake of aneurin-deficient staphylococcus in the 
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Min. Min. 
Fig. 4. O, uptake of aneurin-deficient Staph. aureus. Effect of aneurin and its components. 
Phosphate, pH 7-6, M/30. Pyruvate, M/40. Substances added to give final concentration 
1-2 x 10-* M: 4-amino-5-aminomethyl-2-methylpyrimidine at 28 min.=P, at 88 min.=P’; 
4-methyl-5-8-hydroxyethylthiazole at 28 min.=T, at 88 min. =T’; aneurin at 28 min. = B,; 
control =O. 
presence of pyruvate. The effect of aneurin is shown for comparison and control 
vessels to which only distilled water was added are included. 
The thiazole and pyrimidine separately have no significant effect in raising 
the O, uptake. In the experiment quoted the thiazole appears to prevent a 
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tendency of the respiration to fall, perhaps because this component is destroyed 
more rapidly in the washed cells than the pyrimidine. This small effect however 
has not been investigated further. As soon as both components are present 
together a large increase in O, uptake occurs, but there appears to be a slight 
delay before the effect becomes quite as great as that due to aneurin itself. 

Table V shows that both components must be present before the anaerobic 
CO, production of aneurin-deficient staphylococci reaches a value similar to that 
in the presence of added aneurin. 





Table V. Effect of aneurin components on Q 73, with pyruvate 
Bicarbonate, 18mM, 5% CO, in N,. pH 7-25. Pyruvate, 25mM. 
Effects of: 
(a) 4-Amino-5-aminomethyl-2-methylpyrimidine, 1-2 x 10-°M =P. 
(6) 4-Methyl-5-8-hydroxyethylthiazole, 1-2x10-*M=T. 
1-2 


(c) Aneurin chloride, «10-*: =B,. 


Ns , ° 7 * 

Q¢6, at time (min.) 

4-15 mg cocci per vessel. Grown with 
4x10-° M aneurin 


( 


Substance added 


at time (min.) 0-30 min. 30-60min. 70-90min. 100-120 min. 
None Ys 22 26 29 

B, at 60 17-5 22 37 42-5 

T at 30; P at 60 18 21 35-5 47 

P at 30; T at 60 16-5 21-5 33 50 

P at 30; T at 90 17-5 22 28 40 





6-25 mg. cocci per vessel. Grown with 
3 x 10-°M aneurin 


0-30min. 35-50min. 60-75min. 80-110 min. 


None 19-5 23 26 24 
B, at 45 20 25 52 53 
T at 30; P at 45 18 23 35-5 43-5 
T at 30; P at 55 20 24-5 26-5 43 
P at 30; T at 45 20 24 38 46 
P at 30; T at 55 18 30 38 47-5 


Whether it is necessary for the organism to synthesize aneurin from the two 
components supplied, or whether the presence together of the appropriately 
substituted pyrimidine and thiazole rings is a sufficient condition for the meta- 
bolism of pyruvate cannot be definitely decided from the above data. It is 
possible that aneurin may be broken down by the organism, and the two parts 
of the molecule used independently. The full effect of aneurin itself seems to 
appear slightly earlier than when the two components are added simultaneously 
from separate bulbs, suggesting that during the lag period aneurin is being 
formed. According to R. R. Williams [quoted by Robbins e¢ al. 1937] it is 
to be expected theoretically that the corresponding 5-bromomethylpyrimidine 
would combine with the thiazole in acid solution at room temperature, although 
perhaps at a very slow rate unless catalysed. Such a synthesis, however, has 
not been demonstrated in vitro. It is possible that an enzyme in staphylococcus 
might catalyse such a reaction. At any rate, it is clear that both components of 
the aneurin molecule are needed for normal pyruvate metabolism. 

Lipmann has shown [1936] that aneurin can be reduced by hydrosulphite in 
an analogous manner to the phosphopyridinium nucleotide coenzymes of 
Warburg & Christian [1936] and the nicotinamide methiodide model of Karrer 
et al. [1936]. Lipmann concludes that the activity of the molecule depends on 
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the presence of the thiazylium nitrogen analogous to the pyridinium nitrogen 
in the model and that in the coenzymes. None of the above observations 
on the activity of aneurin components is in conflict with the necessity for 
a thiazylium nitrogen; the suggestion that the thiazole component might be 
more rapidly destroyed in the aerobic experiments seems highly probable if the 
thiazylium nitrogen forms part of a reversible oxidation-reduction system. It 
is suggestive that the oxidized forms of the pyridine nucleotides are also un- 
stable in alkaline solution, although stable in acid [Warburg & Christian, 1936]. 


SUMMARY 


The effect of aneurin on the metabolism of Staphylococcus aureus occurs at 
very low concentrations and can only be observed in organisms which have 
received an inadequate supply of the vitamin during growth. 

Both the pyrimidine and the thiazole rings of aneurin are necessary for the 
normal metabolism of pyruvate by staphylococcus whether conditions are 
aerobic or anaerobic. 

The mechanism of pyruvate oxidation and the mode of action of aneurin are 


discussed. 


I wish to thank Dr P. Fildes, at whose suggestion the work was first under- 
taken, and Mr B. C. J. G. Knight for many valuable suggestions; Dr G. P. 
Gladstone whose bacteriological work made possible the metabolic studies 
described in this paper; and Prof. E. C. Dodds for permission to carry out this 
work, during the tenure of a MacKenzie-MacKinnon Fellowship of the Royal 
Colleges of Physicians and Surgeons. 
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In our previous studies on bacterial deamination by Bact. coli [Stephenson & 
Gale, 1937] we measured deaminase activity in Qy (y ammonia-N liberated per 
mg. dry wt. bacteria per hr.). In the cases of glycine and alanine, we showed that 
only oxidative deamination occurs, that the Qy is not influenced by the presence 
of the substrate in the growth medium and is greatest in aerobic growth con- 
ditions, being then about 15 for glycine and about 30 for alanine. These values 
are reduced by about 70% by anaerobic growth conditions and by about 95% 
by the presence of 2°% glucose in the growth medium. In the case of glutamic 
acid, the highest Qx (about 30) is obtained in anaerobic growth conditions while 
the inhibitory effect of glucose in the growth medium is the same as for the other 
two amino-acids. 

The next two amino-acids to be studied were l-aspartic acid and dl-serine, 
the deaminations of which have certain features in common: 

1. The Qy is of a different order from those studied earlier and reaches, in 
some conditions, values of over 1000 in the case of di-serine. 

2. The inhibitory effect of glucose in the growth medium is the same as in the 
cases previously studied. 

3. Anaerobic as well as aerobic deamination occurs. 

4, The Qy varies enormously with the age of the culture and with other 
factors which are studied in this paper. 

The data in this communication refer only to di-serine ; the study of l-aspartic 
acid will appear later. 

Methods. The two strains of Bact. coli used were the same as in our previous 
work. The bacteria were grown on caseinogen tryptic broth, centrifuged and 
washed once with water, suspended in water and the strength of the suspension 
determined by the photoelectric turbidimeter [Clifton e¢ al. 1935]. The con- 
centration used varied from 0-1 to 1-0 mg. dry wt. per ml. according to the 
activity of the preparation. For each determination 1 ml. each of 0-1 M 
phosphate buffer at pH 7-5, 31/250 dl-serine and bacterial suspension were 
taken ; for aerobic deamination these were shaken in a bath at 40° exposed to the 
air; for anaerobic deamination they were placed in vacuo in a Thunberg tube; 
2 ml. of the mixture were used for each determination of NH, by the method of 
Parnas. 

Exp. 1: Fig. 1 shows the course of aerobic and anaerobic deamination by 
bacteria grown aerobically. The deamination is linear till 50° of the amino- 
nitrogen has been liberated, when the rate alters. Probably the two isomerides 
are attacked at different rates. 
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In all later work where rates were measured, deamination was not allowed 
to proceed further than 50% theoretical. Fig. 2 shows the effect of pH on the 
deamination rate. 
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Fig. 1. Fig. 2. 


Fig. 1. Course of the aerobic and anaerobic deamination of dl-serine by Bact. coli I, 1 mg./ml. 


Fig. 2. Effect of pH on the rate of deamination of dl-serine by Bact. coli T. 
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900 
800 


700 
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Fig. 3. Variation of deaminase activity with ‘‘age” of culture and conditions of growth; (1) in No, 
(2) in air, (3) in 2% glucose broth in Ng, (4) growth curve (strain [). 


Exp. 2: Fig. 3 shows the variation in Qy due to culture time and conditions of 
aeration. In Curve 1 the culture was grown anaerobically in nitrogen for 
varying periods; in Curve 2 the growth was carried out aerobically in Roux 
bottles using also liquid medium. In Curve 3 the organism was grown in 2% 
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glucose broth with chalk and bubbled continuously with nitrogen. Samples were 
taken at intervals with sterile precautions; the chalk was removed by centri- 
fuging for 2 min. and pouring off the supernatant liquid, from which the organisms 
were then removed by centrifuging in the usual way. Curve 4 is the growth 
curve of a culture in N, and shows how optimum activity is related to maximum 
growth. 

This experiment shows, in Curve 1, an increase in Qy from 300 to 900 
between 8 and 10 hr. and a subsequent decrease. The aerobic culture shows a 
similar variation on a smaller scale. Curve 3 shows that the presence of 2% 
glucose in the growth medium depresses the Qy to 10 and this low activity does 
not vary with age. The high Q of dl-serine as compared with other amino-acids 
is noteworthy. 

Exp. 3: Decay of Qy on standing. It was early noted that the deaminase 
activity in washed suspensions decreases on standing. 
To illustrate this point a culture was grown for 13 hr. 
anaerobically and the washed suspension made up in 
water to 0-2 mg. per ml. The spinning and washing 
occupied about 1} hr., and the activity immediately 
following was Qx=590. The activity declined while > 
the suspension at room temperature was exposed to 
the air as seen in Fig. 4. The experiment was repeated 
im vacuo in Thunberg tubes and a similar decline was 
noted. 

Exps. 4 and 5: Effect of dilution on “decay” of Hours after removal from 
activity. Table I shows that if the suspension is eee 
diluted progressively from 1-7 mg./ml. to 1/50 of that Fig. 4. Decline in deaminase 
strength and the On immediately determined, no es ee 
falling off due to dilution occurs; if however the — ;oom temperature. 
suspensions of different strengths are incubated in 
vacuo for 3 hr. at 37° the decay increases with the dilution, being 30% for the 
undiluted suspension and 88 % for the suspension diluted to 1/100. 





0 2 6 8 24 


Table I. Effect of instantaneous dilution with water 


Suspension of 
bacteria 


(mg./ml.) Dilution Qn 
1-71 -- 670 
0-34 1/5 672 
0-171 1/10 681 
0-085 1/20 670 
0-034 1/50 665 


Effect of dilution with water during incubation for 3 hr. at 37° 


Suspension of Suspension of 
bacteria bacteria for Loss of 
incubated estimation Qn activity 
(mg./ml.) Dilution (mg./ml.) (initial = 681) % 
1-71 _ 0-171 476 30 
0-34 1/5 0-171 369 45 
0-171 1/10 0-171 80 88 


Exp. 6: Prevention of “decay” of activity. Here Exp. 5 was repeated using 
as diluent: (1) a suspension of boiled bacteria (about 3 mg./ml.); (2) a 24-hr. 
autolysate ; (3) a 24-hr. diffusate made at 0°. The cells had been removed from 
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(2) and (3) by centrifuging. Table II shows that all these diluents prevent 
“decay”. This effect is due to a prevention of “decay” rather than the replace- 
ment of a substance removed during incubation, since the addition of boiled 
bacteria to the suspension, after activity has fallen off, has no immediate 
restorative effect. 


Table II. Effect of the addition of boiled organism to the suspending medium 
on “‘decay”’ of activity during incubation for 3 hr. at 37° 


Incubated Suspension of 


suspension bacteria for Qn 

of bacteria Suspending estimation Qn after Loss 

(mg./ml.) medium (mg./ml.) initial incubation % 
1-76 Water 0-176 861 579 30 
0-176 Water 0-176 861 75 92 
0-176 Boiled organism 0-176 760 755 0 
0-176 Autolysate 0-176 692 578 16 
0-176 Autolysate 0-176 692 616 ll 
0-15 Diffusate 0-15 728 694 5 
0-16 Boiled organism 0-16 714 714 0 
0°35 Water 0-176 861 169 80 

Boiled organism now added to “decayed” suspension 

0-176 Boiled organism 0-176 169 167 No change 


It appears from Exp. 6 that “‘decay” of activity is due to the gradual 
diffusion of some substance from the cell; this substance is present in large 
quantities in boiled suspensions of cells and in boiled autolysates and diffusates 
from cells; hence when the bacteria are suspended in such preparations, loss by 
diffusion is checked and the initial activity maintained. If this is the case, the 
suspension of boiled bacteria from which the factor has been removed by pro- 
longed diffusion, should be unable to prevent the “decay” of an active suspen- 
sion. This is shown to be the case in the following experiment. 

Exp. 7. A suspension of bacteria of about 100 mg. dry wt. was washed at 0° 
in 900 ml. of water for 12 hr.; the cells were centrifuged and resuspended as 
before, 3 washings in all being given. The organisms were finally suspended in 
5 ml. water and boiled, and the preparation (“B.D.O.’’) used to dilute a suspen- 
sion of freshly grown active cells and the whole incubated in vacuo for 3 hr. 
The results are given in Table III. In water the activity falls 74%, in the 
presence of boiled diffused cells (““B.D.O.’) 55%, whilst in the diffusate (pre- 
pared from the concentrated first washings) the loss is only 5%. 


Table III 


Suspension of 


Suspending bacteria Qy after 
medium (mg./ml.) Qw initial incubation Loss % 
Water 0-15 730 188 74 
"EDO. 0-15 684 310 55 
Diffusate 0-15 728 694 5 


Exp. 8: Effect of phosphate in preventing “decay” of activity. The first 
substance found which could replace the boiled diffusate in preventing “decay” 
was phosphate. This is shown in Fig. 5. Here it is seen that 1/100 phosphate 
buffer effectively prevents decay but 1/10 as well as M/1000 and /10,000 are 
ineffective. 
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Fig. 5. Effect of phosphate concentration on “‘decay” of activity 
during 3 hr. incubation at 37° (strain I). 


Exp. 9: Effect of cozymase (coenzyme 1) in preventing “decay”. It was thought 
possible that the effect of boiled bacteria etc. in preventing “decay” might be 
due to the loss of a coenzyme. We therefore substituted a cozymase preparation 
containing about 50° cozymase: this proved effective in a concentration of 
1 mg. fm. but not at lower concentrations. The preparation was equally 
effective after prolonged boiling at pH 12 when the cozymase would be destroyed ; 
the effect was therefore not due to cozymase itself but to a decomposition 
product or an impurity. Accordingly the substances listed in Fig. 6 were tested 
and muscle adenylic acid and glutathione were found to be active. Table IV 
shows that adenylic acid is effective in a concentration of 1 mg. /10° ml. To 
differentiate further between cozymase and adenylic acid, progressive dilutions 
of each were made and the prevention of “decay” determined; these results 
are also shown in Table IV. It was found, however, that with strain IT, adenylic 
acid does not prevent “‘decay” 


Table IV. Effect of adenylic acid in the suspending medium upon the 
“decay” of activity during incubation for 3 hr. at 37° 


Suspension 
Suspending Concentration of of bacteria Qn Qn after 
medium adenylic acid (mg./ml.) initial incubation Loss % 
Water — 0-163 528 92 80° 
Adenylic acid 1 mg./100 ml. 0-163 570 560 1-7 
1 mg./10 ml. 0-163 521 500 3-4 
1 mg./10* ml. 0-163 528 530 0 
1 mg./10° ml. 0-163 520 510 1-7 
1 mg./10° ml. 0-147 375 310 17-0 
Effect of cozymase in the suspending medium on the ‘‘decay”’ of activity 
during incubation for 3 hr. at 37° 
Suspension 
Suspending Concentration of bacteria Qn Qy after 
medium of cozymase (mg./ml.) initial incubation Loss % 
Water toe 0-173 428 173 60 
Cozymase 1 mg./104 ml. 0-152 320 188 40 
1 mg./10° ml. 0-152 307 134 56 


1 mg./10° ml. 0-152 281 122 60 
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Fig. 6. Effect of various agents in preventing “decay” of activity during 
3 hr. incubation in vacuo at 37° (strain I). 


Exp. 10: Effect of reducing agents in preventing decay. The effect of glu- 
tathione (GSH) has already been mentioned. It was further noticed that 
“decay” occurred in air, in N, and in vacuo, but not in H,; this is shown in 
Table V. The action of H, must in this case be attributed to its action as a 


Table V. Effect of hydrogen in preventing ‘‘decay”’ of activity 


Qn 

Initial 550 

(1) After standing 3 hr. in vacuo 204 
(2) After standing 3 hr. in H, 530 
(3) Suspension (1) after standing with H, overnight 395 


Table VI. Effect of formate system on “decay” of activity 


Suspension of bacteria Qn after 
Suspending medium (mg./ml.) Qy initial incubation Loss % 
Water 0-184 801 0 100 
M/2 x 10? formate 0-184 625 0 100 
M/10* phosphate 0-184 731 0 100 
M/2 x 10? formate 0-184 720 475 33 


+M/10* phosphate 
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Fig. 7a. 


Fig. 7. 
Effect of reducing systems on ‘‘decay” of activity during 3 hr. at 37° (strain I). 
a. Factors in the “decay” of activity during 3 hr. incubation at 37° (strain II). 
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reducing agent and not to its anaerobic effect. In a few cases, a suspension whose 
activity had “decayed” was found to regain some of its activity on standing in 
H,; this is also shown in Table V. Fig. 7 shows the action of other reducing agents 
of which GSH is the most effective. Other de- 


hydrogenase systems were also tested (Table V1). 0 
Here it is seen that formate alone has no effect " 
but that, in the presence of 1/10,000 phos- — %!°* = 
phate which alone is inactive, the system foe ™ 
prevents “decay”. Fig. 7a shows the effect of "|% 
phosphate, GSH and formate with strain II. 0 

It is necessary here to differentiate between 60 
the mode of action of the various substances 70 
and systems which prevent “‘decay”’. Hitherto 80 
the occurrence and prevention of “decay” 90 





have both taken place at 37°. If the various ———!00 
systems are tested at 0° it is found (Fig. 8) Suspending 
that adenylic acid alone (with strain I) is 
effective whereas M/100 phosphate and all Wie, & Leen cf eetieiie itien 
the reducing systems are now inactive. This "3 hr. at 0° (strain I). 
suggests that adenylic acid acts by preventing 
the outward diffusion of some active substance whilst the other systems owe 
their activity to enzyme action. 

Exp. 11: The effect of ‘‘age”’ of culture on subsequent “‘decay”. During the 
course of the work we sometimes obtained suspensions which did not “decay” 
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Fig. 9. Effect of growth conditions and “‘age”’ on activity (Qx) and “ permeability”. (1) Activity 
of culture grown in N,, (2) “Permeability”? of culture grown in N,, (3) Activity of culture 
grown in H,, (4) “Permeability” of culture grown in H,. 


when diluted and incubated. This irregularity depended on the time during 
which the culture was grown. This was tested as follows: the organism was 
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grown in broth anaerobically in H, and samples were removed at intervals, spun 
and washed. The immediate activity was determined, the suspension then 
incubated in vacuo for 3 hr. and the % loss of activity determined. The results 
are shown in Fig. 9. Here it is seen that the 10-12 hr. culture loses its activity 
most readily whilst younger and older cultures are relatively stable. If the 
organism is grown in Ng, the loss of activity is less. As a tentative working 
hypothesis we regard the “‘decay” as due to a diffusion of a substance out 
of the cell and differences in the rate of “decay” as due to differences of 
permeability. 

Exp. 12: Fig. 9 also shows the variation of activity with “age” of culture 
and shows that the period of maximum “ permeability” coincides with maximum 
activity. Since the activities (Qx) are measured after centrifuging and washing, 
they are probably lower than those of the cells actually in the culture fluid. This 
is especially the case with the organism grown in H, where the permeability is 
highest (100 % loss of activity in 3 hr.). The apparent difference in activity of 
the cultures grown in H, and N, is therefore an experimental artefact due to the 
greater loss of activity of the H, culture during centrifuging and washing; the 
difference between the two curves is greatest at the period of maximum per- 
meability, the early and late portions following each other closely. All subsequent 
experiments were done with cells whose activity and permeability were at their 
maximum, i.e. 11 hr. cultures grown anaerobically in H,. 

Exp. 13: Recovery of activity of suspension after “decay”. The first successful 
experiment in effecting recovery after “decay” is set out in Table VII. After 
decay at 0°, incubating with boiled cells and 7/100 phosphate restores 80° 
of the original activity ; whilst if the same process is carried out at 0° no appreci- 
able recovery occurs. If on the other hand, decay takes place at 37°, instead of 
at 0°, no recovery can be effected. 


Table VII. Restoration of activity with boiled organism 
and phosphate 


Bact. coli grown anaerobically in H,. Washed suspension =0-18 mg./ml. 


Qn 
Initial 423 
After 3 hr. in vacuo at 0 0 
Boiled organism and M/100 phosphate* added. After incuba- 346 

tion in vacuo for 2 hr. at 37° 

Initial 709 
After 3 hr. in vacuo at 0° 347 
Boiled organism and M/100 phosphate* added. After standing 362 


in vacuo for 2 hr. at 0° 
* Final concentrations. 


Exp. 14: Factors affecting recovery. In each of 7 Thunberg tubes were put 
4 ml. of water and 0-5 ml. bacterial suspension prepared as usual (1-7 mg./ml.; 
initial Qy 524). These were evacuated and kept for 3 hr. at 0°. The Qx was then 
287. To the Thunberg tubes (1-7) 0-5 ml. of the following was added: (1) water; 
(2) boiled bacteria in M/10 phosphate ; (3) boiled bacteria in water ; (4) phosphate 
to bring to M/10; (5) M/10 phosphate; (6) 1/100 phosphate; (7) /10,000 
phosphate. The tubes were evacuated and kept at 37° for 2 hr. The results are 
shown in Fig. 10. The boiled bacteria in absence of phosphate produce no 
recovery but prevent further decay ; boiled bacteria in .//100 phosphate produce 
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complete recovery; 1/100 phosphate alone produces partial recovery; 7/1000 
phosphate produces no recovery but arrests further decay whilst 1/100,000 
phosphate has no effect. 

Qn 
, Initial value ' : 550 
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Fig. 10. Factors in recovery—effect of boiled bacteria and phosphate (strain I). 


Exp. 15: Further factors in recovery. The procedure in this experiment was 
the same as for Exp. 14. Here the effect of boiled bacteria in /100 phosphate is 
duplicated by /30,000 GSH in 17/100 phosphate, GSH alone and adenylic acid 
with and without phosphate being without effect. These results are shown in 
Fig. 11. Fig. 12 shows the rate of recovery with 1/100 phosphate and different 
concentrations of GSH. The flattening of the curves in Fig. 12 is attributable 
to the effect of the temperature ; slow recovery never attains completion owing to 
the effect of temperature on permeability. 
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Fig. 11. Factors in recovery (strain I). 
Fig. 12. Effect of concentration of GSH on rate of recovery (strain I). (1) M/100 phosphate, 
(2) M/100 phosphate + .M/3 x 10° GSH, (3) M/100 phosphate + .M/3 x 10* GSH. 
Exp. 16: Fig. 13 shows that with M/100 phosphate and /30,000 GSH 
restoration may attain completion before the effect of temperature on per- 
meability sets in. The question arises as to whether the recovery produced by 
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M/100 phosphate alone is due to phosphate only or to phosphate and residual 
reducing material remaining in the cell after ““decay”’. We attempted to remove 
reducing substances completely from the cell by allowing ‘“‘decay” to take place 
in air instead of in vacuo; the procedure then was the same as in Exps. 14 and 15. 
Fig. 14 shows that in this case, 7/100 phosphate alone produces no recovery but 
that 1/100 phosphate with GSH, or M/100 phosphate with boiled bacteria, is 
effective. 
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Fig. 13. Effect of phosphate and phosphate +GSH on recovery (strain [). 


Fig. 14. Factors in recovery—recovery after aerobic decay (strain I). 
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Fig. 15. Factors in recovery—reducing systems (strain I). 
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recovery which goes beyond the initial value. It must be remembered however 
that decay sets in during the initial spinning and washing of the suspension and 
the extra recovery with formate and phosphate represents a return to the value of 
the cells in broth culture. In order to test this, a broth culture prepared in the 
standard way was divided into two parts A and B. A was spun and washed in 
water in the usual way. To B was added formate to M/200 and phosphate to 
M/100 before centrifuging, and the same additions were made to the washing 
water. The results are given in Fig. 16 together with the recovery obtained with 
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Fig. 16a. Factors in recovery (strain II). Effect of incubating 
with various agents for 1 hr. at 37° in vacuo, 











M/100 phosphate +GSH and with J//100 phosphate + formate. It is seen that, 
as predicted, loss of activity occurs in two stages: aerobically during the spinning 
and washing and anaerobically later in the experiment. The GSH-phosphate 
system recovers the later loss; the formate-phosphate system recovers both 
losses. Fig. 16 a shows the factors in recovery with strain IT. 
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The variability of activity with culture time still awaits explanation. Fig. 3 
shows that a 6-hr. culture has an activity far below a 10-hr. culture. We 
attempted to raise the Qy of the 6-hr. culture by the addition of formate and 
phosphate to the culture medium and the washing water (Table VIII). Although 
this procedure raises the Qx, the height attained never approaches that of the 
10-hr. culture in plain broth. In other words, the early cultures appear to be 
comparatively impermeable towards the phosphate-formate system. 


Table VILL. Effect of the formate-phosphate system on “young”? cultures 


Cultures grown for 6 hr. anaerobically in N,: Ox 
A. Grown in plain broth—washed in water 181 
B. Grown in plain broth—washed in the presence of formate 179 
and phosphate 
C. Grown in broth plus .7/200 formate and 1/100 phosphate 286 
—washed in water 
Grown in broth plus .W/200 formate and M/100 phosphate 229 
—washed in the presence of formate and phosphate 
Grown in broth plus M/100 phosphate—washed in water 217 


10 hr. culture in plain broth (for comparison) 


DISCUSSION 


The decay of dl-serine deaminase appears to be due to a loss from the cell by 
diffusion of some substance or substances acting as coenzyme. This loss can be 
prevented by exudate from boiled organism, by 17/100 phosphate or by keeping 
the cell in a reducing medium; this suggests that the coenzyme may exist 
in reduced and oxidized forms and in phosphorylated and non-phosphorylated 
forms, the reduced phosphorylated form being relatively stable and non- 
diffusible. On this hypothesis standing in water causes the coenzyme to become 
oxidized (anaerobically) and to lose phosphate. Recovery is brought about by 
various reducing systems in the presence of phosphate but not in its absence, the 
slow incomplete recovery induced by phosphate alone is attributable to some 
reducing agent remaining in the cell and does not occur if this is removed by 
aeration, recovery then occurring only with phosphate and a reducing agent 
(GSH). Recovery occurs at 37° but not at 0°, which suggests that an enzymic 
process is involved. 

The marked effect of very low concentrations of muscle adenylic acid in 
preventing both decay and recovery with strain I, and in preventing recovery 
with strain I, is unexplained on this hypothesis. We can also offer no explana- 
tion for the effect of high concentrations of phosphate in preventing recovery ; it 
has been suggested that this may be due to removal of magnesium, but we have 
been unable to confirm this. 

Both decay and recovery depend not only on chemical reagents but also on 
the condition of the cell. Deamination is most active when the cells are grown 
anaerobically and towards the close of the growth period; it is also then most 
subject to rapid decay and effective recovery; cultures grown in H, decay and 
recover more rapidly than those grown in N,; we tentatively attribute these 
differences to changes in permeability. Recovery depends also on temperature ; 
suspensions which decay at 0° can recover but if decay occurs at 37° recovery 
does not take place; provisionally we attribute this also to an alteration of 
permeability. 
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SUMMARY 


1. dl-serine is deaminated by washed suspensions of Bact. coli both aerobically 
and anaerobically; both isomerides are attacked though probably at different 
rates. 

2. The activity (Qx) of serine deaminase is very high and varies with the age 
of the culture from 200 to 1000; it attains its height at 11 hr. and subsequently 
falls off. It is increased by anaerobic growth conditions and, like other deaminases, 
is decreased 95 % or more by the presence of 2% glucose in the growth medium. 

3. Washed suspensions lose their activity on standing in water either at 
0° or at 37° aerobically or anaerobically. 

4. Decay of activity occurs more rapidly in dilute than in concentrated 
suspensions, 

5. Decay of activity (during 3 hr. at 37°) can be prevented by adding boiled 
suspensions of the organisms or by autolysate or diffusate from which the cells 
have been removed; also by M/100 phosphate, and by various biological 
reducing systems including GSH, H, and formate in the presence of phosphate. 

6. If decay of activity occurs at 0° it can be recovered, but not if it occurs 
at 37°. 

7. Agents producing recovery are boiled bacteria, M/30,000 GSH, 1/200 
formate; all these require phosphate. Phosphate alone (7/100) produces a slow 
and incomplete recovery if decay has occurred anaerobically but not if it has 
occurred aerobically. 

8. Both decay and recovery depend also on the condition of the cell; cultures 
grown in H, at the peak of their activity decay most rapidly and recover most 
completely. 


REFERENCES 


Clifton, Mueller & Rogers (1935). J. Immunol. 29, 377. 
Stephenson & Gale (1937). Biochem. J. 31, 1316. 











LIII. ON THE OCCURRENCE AND CONSTITUTION 
OF THE 693mz CHROMOGEN (VITAMIN A,?) OF 
FISH LIVER OILS 






By ALBERT EDWARD GILLAM, ISIDOR MORRIS HEILBRON, 
WILLIAM EDWARD JONES anp EDGAR LEDERER , 


From The Chemistry Department, Manchester University and the. Vitamin 
Institute, Leningrad 








(Received 31 December 1937) 


Section A 






Occurrence and spectrographic characterization of the 693mp chromogen 






Together with VaALENTINA Rosanoya! © 






Ir is a well-established fact that marine fish liver oils and concentrates con- 
taining vitamin A give an intense blue colour with antimony trichloride in 
chloroform, characterized by an absorption maximum at 606-620 my. This 
maximum is always accompanied by a subsidiary one at 583 my apparently also 
due to the vitamin, whilst other bands have occasionally been observed, e.g. at 
635, 645, 656, 680 and 693 my [Heilbron ef al. 1931], the last-mentioned being 
the commonest. Interest in the chromogen responsible for the 693 my band 
has recently been revived by the observations of Lederer & Rosanova [1937] that 
the liver oils of certain Russian freshwater fish are particularly rich in this 
chromogenic substance. A preliminary spectrophotometric examination of 
certain of these oils has since been carried out in Manchester [Lederer e¢ al. 1937]. 
Simultaneously with the latter publication, Edisbury e¢ al. [1937] have reported 
that extracts of the eyes of goldfish and the livers and viscera of brown trout 
contain more of the 693 than of the 620 mp chromogen, the former of which 
these workers have tentatively named “vitamin A,”’. In view of the fact that 
ordinary vitamin A plays some part in the visual cycle which occurs in the retina 
of the eye in mammals and marine fish, it is a significant fact that the visual 
purple of certain freshwater fish, after bleaching by light, gives with SbCl, in 
chloroform a blue solution exhibiting an absorption band at 690 my [Wald, 1937]. 

Our preliminary examination [Lederer et al. 1937] having indicated a number 
of good sources of the 693 mu chromogen, we have proceeded to a further 
investigation of its occurrence and constitution. 

In the course of this investigation marine fish liver oils obtained for the most 
part from fish taken on the Murmansk coast have been examined and compared 
with those of freshwater fish obtained from the Volga, Don and other rivers of 
the Leningrad region and Western Siberia. The freshwater species examined 
were those normally obtained on a large scale for the production of tinned or 
smoked fish and their livers were, until recently, rejected as a worthless by- 
product. The liver samples were received in the Leningrad laboratory either 
fresh, frozen, sterilized or salted, in sealed tins, and the oils were obtained by 
grinding with anhydrous sodium sulphate and extracting with peroxide-free 
ether. On account of the small size of many of the individual livers, several] 

1 Now at the Laboratoire de Zoologie, Ecole Normale Supérieure, Paris. 
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(from fish of the same species) were extracted together when necessary. The 
concentrates were usually prepared by saponification of the whole liver. 

The ultraviolet absorption spectra were determined on a Hilger E, quartz 
spectrograph used in conjunction with a ‘‘Spekker” photometer, the solvent 
normally used being alcohol, whilst the SbCl, blue colours were examined 
in a Hilger-Nutting visual spectrophotometer using the technique previously 
described [Heilbron et al. 1931]. 

Marine fish 


The chromogenic properties of the liver oils and unsaponifiable fractions from 
all the marine fish examined were found to be identical with those normally 
exhibited by cod and halibut liver oils, i.e. the SbCl, colour showed a main 
absorption band at 608-620 my, with little or no absorption at 645 or 693 my 
[cf. Table I and Heilbron et al. 1932]. For purposes of comparison we have 
recorded the ratios of the extinction coefficients of the 693 and 620 my absorp- 
tion bands and it will be seen that for typical marine fish this 693/620 mu 
intensity-ratio ranges between 0-04:1 and 0-17: 1 (usually about 0-15: 1). 
We have also examined the liver oils of several South African marine fish with 
similar results (cf. Table I). 


Table I. Marine fish liver oils and concentrates 





Ultraviolet SbCl, blue 
absorption ————""—- ——, 
Se ee Ratio 
Type of fish and Max.* Max.* 693/620mp 
nature of sample Species mp } ha mp E\./. — chromogens 
Halibut (oil) Hippoglossus 328 71-5 697 30 0-17 
hippoglossus 620 170 
Halibut (unsap.) +s 328 113 695 63 0-17 
620 360 
Cod (values on oil Gadus morrhua (328) 0-31 (693) 0-042 0-063 
via unsap.) 618 0-66 
? (oil) Drepanopsetta 330 5-4 (693) 5:4 0-15 
platessoides 619 35-0 
Bergylt (oil) Sebastes marinus 326 11:3 700 1-7 0-073 
617 23-2 
Seewolf (German) Anarrhichas minor (328) 0-52 (693) 0-028 0-065 
(oil via unsap.) 615 0-43 
Coalfish (unsap.) Gadus virens 327 32-6 700 8-5 0-12 
620 74 
Thorny-backed Raia clavatat 328 0-22 (693) 0-04 0-16 
ray (oil via unsap.) inflex. 609 0-24 
Dogfish (oil) Acanthias (squalis) 325 1-7 (693) 0-18 0-072 
acutifinnist 612 2-5 
Kingklip (oil) Penypterus 325 7:3 (693) 0-88 0-064 
capensist 610 13-8 
Kabeljauw (oil) Sciaena aquila 328 57 695 25-5 0-18 
lacep.t 620 140 
Haddock (oil) Gadus aeglefinus 327 2:56 no693 (0-11) 0-04 
611 3-14 
578 —_— 
White whale (con- Beluga leucast 325 80-7 no 693 (13) 0-066 
centrate) (mammal) 618 196 


* Absorption maxima bracketed indicate either that the band is absent or is an inflexion only. 

+ We are indebted to Mr P. Molteno of Cape Town for these South African samples. 

t This sample came from the River Ob, the remainder, except the South African samples, 
were obtained on the Murmansk coast. 
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Freshwater fish 


The results of the examination of a large number of specimens representative 
of this class show that, almost without exception, the liver oils and concentrates 
obtained from Russian freshwater fish differ from the corresponding materials 
extracted from marine fish in that the main ultraviolet absorption maximum is 
displaced to longer wave-lengths (from 328 to 345-350 my). There is also an 
additional maximum near 285 my (cf. Figs. 1 and 2). Furthermore, the main 
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Fig. 1. Absorption spectra of freshwater fish liver oils in alcohol. 


——— Silurus glanis 0-0129% 1 cm. o—o—o Huso huso 0-028% 1 cm. 
— — — Salmo salar 0-123 % 
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; Fig. 2. Absorption spectra in alcohol. 
— Halibut liver oil concentrate 0-0403°% 1 em. cell. 
o——o Freshwater fish liver oil concentrate 0-00188°, 1 cm. cell. 


absorption band in the blue SbCl, colour is at 693-697 my and, although as a 
general rule it is not possible to see a band at 620 mp as a separate entity 
owing to its being masked by the 693 mp band, evidence of its presence is 
supplied by the following facts: (a) the intensity of absorption at 620 mp is 
normally high, (6) when the 693/620 my intensity-ratio is lower than 1-3 both 
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bands are visible and (c) the addition of inhibitors such as 7-methylindole 
depresses absorption at 620 mu and leaves yet another satellite band at 
583 my, the presence of which under these circumstances implies the previous 
existence of the 620 my band [Morton, 1932; Castle et al. 1934]. 

Throughout this paper we have used the term ‘693 mp chromogen” 
because this substance gives with SbCl, a blue solution having its absorption 
band most usually at 693 mp. It is generally true of all absorption bands, 
however, that the location is dependent upon the solvent (or impurities that 
modify the nominal solvent). Thus, this band sometimes occurs at 700 my, or 
even 702 my in the purest sterol-free concentrates, whilst in the presence of a 
large excess of sterol the maximum is displaced in the opposite direction as far 
as 685 my. 

The numerical results recorded in Tables II and III show that the 693/620 my 
intensity-ratios for the liver extracts of freshwater fish are generally of the order 
2:1, in contrast to the ratio 0-15: 1 for the corresponding extracts from marine 


Table II. Freshwater fish liver oils 


Ultraviolet SbCl, 
absorption ———— a WHY 
Soe Ratio 
Max.* Max.* 693/620 mu 
Type of fish Species my et my EE} — chromogens 
Pike Esox lucius 345 6-0 693 10-2 1-64 
280 5-2 647 8-3 
(613) 6-2 
Sturgeon Acipenser stellata 334 3-5 695 5:8 1-32 
(Flat) 617 4-4 
Acipenser guldenstadtii 330 2:3 695 3-6 1-33 
(280) 2-1 620 2-7 
o4 332 7-9 695 13-2 1-07 
(280) 7-0 620 12-3 
Pike-perch Lucioperca lucioperca 348 4-0 693 8-1 2-35 
283 3-0 (606) 3°45 
Catfish Silurus glanis 346 78 697 175 2-08 
(280) 38 (620) 84 
2 338 43 693 90-6 1-63 
(280) 24 (620) 55-5 
= 343 45-7 694 96-5 1-89 
(280) 30-1 (615) 50-9 
Salmon Salmo salar 349 14-2 695 33°9 2-38 
282 11-8 (617) 14-2 
Salmo salar brevipes 337 14:8 695 10-8 0-56 
(280) 7-0 (645) ae 
610 19-4 
(575) 
Burbot Lota lota 300-360 1-29 no693 (0-34) 0-25F 
607 1-36 
Hausen Huso husot 348 1-63 (693) 0-32 0-13 
(German) 287 1-2 640 1-36 
608 2-37 
Huso husot (oil via 348 -— 695 3°74 2-2 
unsap.) 287 _— (620) 1-68 


* Absorption maxima bracketed indicate either that the band is absent or is an inflexion 
only. 

+ This oil gave an unsaponifiable fraction showing a strong 693 my band in SbCl. The liver 
oil contained 60% of fat. 

ft On the same sample. 
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Table III. Freshwater fish liver oil concentrates 


Ultraviolet SbCl, blue 
absorption — - ’ 
Speen Se Ratio 
Max.* Max.* 693/620 mu 
Type of fish Species mu EB} ee my EB es chromogens 
Bream Abramis brama 340 53°5 693 97 1-67 
280 36 (620) 58 
Salmon Onchorhynchus ketat 327 73 (695) 51-5 0-41 
280 53 620 125 
Salmo salar 340 17-8 697 32-5 1-60 
280 18-4 (620) 20-4 
Salmo salar brevipes 333 80 695 112 0-88 
(280) 40 613 128 
clearly 
Salmo salar 348 155 695 372 2-0 
283 77 (620) 186 
Sturgeon Acipenser stellata 350 — 693 318 1-32 
(328) 150 (620) 240 
(285) = 
Pike-perch Lucioperca lucioperca 345 44-4 695 98 2-18 
283 29 (620) 45 
9 350 87 695 269 2-34 
(620) 115 
Catfish Silurus glanis 344 157 697 458 2-0 
(283) 86-5 (620) 229 
99 343 203 695 560 1-92 
(281) 102 (620) 292 
” 343 165 697 340 1-58 
(283) 96 (620) 216 
Pike Esox lucius 245 187 695 445 1-85 
(280) 124 (620) 240 
s 344 8-5 697 19-8 1-90 
280 15 647 — 
610 10-7 
Hausen Huso huso 348 65 697 163 2-5 
(German) 286 46 (629) 65 
Carp Cyprinus carpio 346 34:5 693 7-7 0-25 
287 22 607 3l 
Weisslachs Stenodus leucichthyst 340 97 697 199 1-76 
(German) (285) —_ (620) 113 
Stenodus leucichthys 349 250 699 635 2-62 
nelmat (286) (620) 242 
Whitefish Coregonus lavaretus 343 36 697 52 1-62 
pidschiant 280 46 (620) 32 
(272) —— 


* Absorption maxima bracketed indicate either that the band is absent or is an inflexion 
only. 

+ Samples ex Siberia. 

{ Sample ex the Caspian Sea. 


fish. Furthermore, from the approximate constancy of the ratio of intensities 
at 693 my (SbCI,) and 345 my (alcohol) respectively, over a wide range of con- 
centrations, it is reasonably certain that these two absorption bands are due 
to the same substance. It will also be seen (ef. figures and tables) that a 
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maximum at 280-285 my is nearly always present in the ultraviolet absorption 
spectra of liver oils of freshwater fish, but whether it has any direct association 
with the substance absorbing at 345 my or is due to a separate entity has not 
so far been ascertained (vide infra). 

Whilst the results recorded above clearly demonstrate that, as a class, Russian 
freshwater fish liver oils and concentrates are sharply differentiated from the 
corresponding marine products in their relatively greater content of the 693 my 
chromogen, we have encountered several instances of these oils (but definitely 
only a minority) having apparently only low concentrations of this chromogen. 
Three of these samples, however (Huso huso, Lucioperca lucioperca and Lota 
lota, respectively), which exhibited no 693 my band in the SbCl, blue colour on 
the oil itself yielded unsaponifiable fractions exhibiting clear 693 my maxima 
(693/620 mp ratio>2:1). As addition of the oil to the unsaponifiable matter 
suppressed the power to give a 693 my band, it is clear that the oil or one of its 
constituents was inhibiting the blue colour due to the 693 my absorption band. 
These exceptional properties are comparable with the inhibition phenomena 
commonly found with cod liver oils of low potency in SbCl;, in which the 620 my 
band is depressed in the oils but occurs at full intensity in the unsaponifiable 
matter [Heilbron et al. 1931; Gillam & Morton, 1931; Morton, 1932]. The single 
carp liver oil examined was, however, exceptional in that the unsaponifiable 
matter showed only a low 693/620 my ratio although, even so, this was higher 
than that of any marine fish (cf. Table ITI). 

That there is a generalized difference between the liver oils of marine and 
freshwater fish is fairly clear, but whether this is universally true and due to 
fundamental differences between the two classes of fish or whether it is governed 
by variable factors such as food or environment can only be decided by much 
more extensive investigations. We hope to follow up this work later, but for the 
present we have confined ourselves to the concentration of the 693 my chromogen 
and the determination of its constitution, the results of which are recorded in 
Section B. 

The question as to whether the 693 my chromogen possesses vitamin A 
activity is a rather important one which is somewhat difficult to decide un- 
equivocally when the material is always associated with considerable quantities 
of the true vitamin A. However, short of separating the two compounds, which 
has so far not been possible, it was considered that the best way to test the point 
was to compare the biological activities of equal weights of halibut and freshwater 
fish liver concentrates having the same Lovibond blue value. This was actually 
carried out by the prophylactic method on two identical groups of rats, 
using concentrates of Hippoglossus hippoglossus and Lucioperca lucioperca 
respectively. 

The feeding test results are recorded in Table IV and indicate that there is 
no significant difference in biological activity. One point that requires comment 
is the falling off in weight-increase at the largest dosage of the Lucioperca con- 
centrate. Whilst this might have been due in part to the fact that all the rats 
in this group (cf. Table IV) were exclusively female whilst all the others were 
males, it is significant that we have obtained similar results with Silurus con- 
centrates when all the rats were of the same sex. We are inclined to attribute 
these results to some toxic property of the freshwater fish oils, but propose to 
examine the point further. It is of some interest to note that the livers 
of Huso huso and Silurus glanis are traditionally regarded as poisonous by 
the Volga fishermen, but this cannot be accepted as evidence without further 
tests. 





[ 
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The fact that the two concentrates (of equal blue value) have approximately 
the same biological activity indicates that the freshwater fish extract has more 
activity than can be ascribed to the classical vitamin A present (equal to not 
more than one third of the total blue value). It is reasonable to suppose, 
therefore, that the 693 my chromogen is vitamin A-active. More extensive 
investigations will however be necessary before it can be regarded with 
certainty as “‘vitamin A,”’. 


Table IV. Results of comparative feeding tests on liver concentrates from 
freshwater and marine fish 





Concentrate from Lucioperca Concentrate from Hippoglossus 
~-——— A —$____— —, —_—_ gon rere — 
Average Average 
Daily gain per Xero- gain per Xero- 
dose Gain rat per phthal- Gain rat per phthal- 
y Days g. day,g. Death miaf Days g. day, g. Death miay 
0-6 45 95 1-0 + ] 40 42 1-2 + 3 
50 20 - 3 52 60 + 2 
70 62 . 3 70 120 - 
45 30 + 
1-2 75 90 1-0 70 60 1-3 2 
75 64 70 102 
75 98 70 90 
75 60 70 110 
2-4 75 120 1-4 70 80 1-4 
75 93 70 103 
75 98 70 85 
75 112 70 116 
75 102 70 100 
4-8 75 50* 1-0 2 70 140 1-8 
75 84* 70 110 
75 67* 70 125 
75 70* 70 133 


The rats used in the tests marked * were females, the remainder being males. 
+ The numbers 1, 2 and 3 indicate eye lesions of different degrees of severity, 3 being florid 
xerophthalmia. 


SrEction B 


Concentration of the 693 mu chromogen and determinaiion of its constitution 
Together with J. W. Barry and J. H. Beynon 


The mixed livers from several species of fish known to give oils with a high 
693 my chromogen content were saponified with alcoholic KOH in the usual 
manner and the major portion of the sterol was removed by crystallization from 
the crude unsaponifiable matter. The cold methyl alcoholic solution was treated 
with water, dropwise, when a red viscous oil separated. The yellow supernatant 
liquor was poured off and yielded a material with an absorption maximum near 
344 mu and having EF} “/° =850; the blue SbCl, solution exhibited a maximum 
at 697 mp (E} '° 697 mu=2600, 620 mu= 1200). 

Attempts were made to separate the 693 my chromogen from vitamin A 
by vacuum distillation and chromatographic adsorption but no evidence of 
separation was obtained. From this difficulty of separation it was reasonable to 
assume the 693 mp chromogen to be a compound closely related to vitamin A. 
Consideration of the light absorption data leads to the conclusion that the 
concentrate contained a mixture of ordinary vitamin A (C.,H3,0, A=5) and a 
second related compound containing one extra conjugated ethylene linkage. 
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The two most likely structures for the second compound are (II) and (III) of 
which the former is of the same type as safranal [Kuhn & Wendt, 1936]. 
Compounds having these structures would yield on ozonolysis ««-dimethyl- 
succinic and geronic acids respectively, and assuming the ratio of 693 mu 
chromogen to vitamin A to be of the order 2:1 the quantity of geronic acid 
which would be obtained if (II) were correct would only be one-third of that 
isolated on ozonization of an ordinary vitamin A concentrate having the same 
intensity of absorption. With (III) the yield would be approximately the same 
as with ordinary vitamin A (I). Accordingly, equivalent weights of the fresh- 
water fish liver concentrate and one from halibut liver oil were ozonized under 
exactly the same conditions and, on isolation of the product as described by 
Strain [1933], practically the same yields of geronic acid were obtained in both 
cases, indicating that the 693 mp chromogen cannot possess the structure (II). 
Confirmation of this was supplied by the fact that no ««-dimethylsuccinic acid 
could be detected in the ozonolysis product. 
CH, CH, 
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In a recent publication [Batty e¢ al. 1938] it has been shown that oxidation of 
vitamin A with aluminium f¢ert.butoxide in the presence of acetone gives a 
ketone C,,H,,0, containing 6 ethenoid linkages in conjugation with the Sc=0 
group, formed by the condensation of the originally-produced vitamin A- 
aldehyde with acetone. On applying this process to the concentrate from the 
freshwater fish we obtained a product characterized by a well-defined absorption 
maximum at 413 mp (Z};/° =800) and purification by means of Girard reagent P 
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[Girard & Sandulesco, 1936] raised the latter value to Z} ./2 =1100. This readily 
yielded a p-chlorobenzoylhydrazone, M.P. 142-143° (corresponding derivative of 
the ketone from vitamin A, M.P. 198-199°) the analysis of which showed it to be 
derived from a compound C,;H;,0. It will be seen from Table V that the whole 
of the spectrographic data is in agreement with the assumption that the ketone 
contains seven double bonds in conjugation with the >SC—O group, i.e. one 
double bond more than the ketone obtained from vitamin A. It is therefore 


Table V. Absorption spectra data 
Wavelength Molecular 


max. ext. coeff. 
Compound Solvent mu. . 
(a) Ketone C,,H,.O from vitamin A Alcohol 401 49,000 
(6) p-Chlorobenzoylhydrazone of (a) CHCl, 413-5 81,000 
(c) Ketone C,;H,,0 from 693 chromogen Alcohol 413 38,500 
(d) p-Chlorobenzoylhydrazone of (c) CHCl, 418 50,000 
(e) p-Chlorobenzoylhydrazone of (c) Alcohol 415 55,000 
(f) Hexadecaheptaenal CHCl, 412 31,000 


almost certain that the ketone from the new chromogen has the structure (IV) 
from which it follows that the original alcohol possesses the formula (III). 

The consistent occurrence of a 285 my maximum in the ultraviolet absorp- 
tion spectra of the liver oils of freshwater fish raises the question as to whether 
it is due to the same entity as the 345 mu maximum or to a separate one. From 
theoretical considerations a maximum at 280-285 my could correspond to a 
cyclic alcohol C,,H,,0 (A=4). This raises the further question whether in the 
metabolism of fish (and in particular freshwater species) a Cy) carotenoid in the 
food undergoes scission into C,, and C,, fragments. Although our experiments 
so far leave this indeterminate, the evidence would appear to suggest that the 
285 and 345 my ultraviolet maxima are jointly characteristic of the 693 mu 
chromogen. 

Concentration of the 693 my chromogen 


Saponification of the livers was carried out as follows. The minced liver was 
heated at 70° with alcoholic KOH (15 % in alcohol containing 15°% water). In 
about an hour the liver had completely dissolved and, after cooling, the solution 
was diluted with water and extracted four times with peroxide-free ether. The 
combined ether extracts, after washing with water, were dried (Na,SO,) and 
evaporated in CO,. In this way from the livers of Acipenser stellata (weight of 
liver 660 g¢.), Lucioperca lucioperca (2900 ¢.), Silurus glanis (1900 g.) and 
Abramis brama (2400 g.), a total yield of 78 g. of concentrate was obtained. 
After resaponification 57 g. of unsaponifiable matter were extracted having 
fi 693 mu=420, 620 mu=183, 350 mu=150. This material was dissolved 
in methyl alcohol and allowed to crystallize. The sterol so obtained (30 g.) was 
filtered off and the filtrate cooled successively at —10° and —50°, the solid 
which separated in each case being removed by filtration at low temperature. 
The mother liquor on evaporation yielded a red semi-solid mass (20 g.) having 
the following spectroscopic criteria: 

E} 2 697 mu=1270, (620) mu=550, 346 mu=450, 284 mu=265. 


J em. 


Half the material was used for adsorption and distillation experiments and the 
other half was treated as follows. Water was added drop by drop to the solution 
in methyl alcohol at —40°; a dark-red oil was precipitated and the yellow 
supernatant liquid was decanted, diluted with water and extracted with ether. 
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Removal of the solvent from the ethereal solution after drying (Na,SO,) gave an 
orange-coloured viscous oil (3-4 g.) with 
EB} 697 mu=2600, 620 mu=1200, 344 mu=850, 


lem, 
whilst the red oil referred to above, when extracted and dried, yielded a dark-red 
semi-solid material (5-0 g.) with 
EB} 697 mp=1320, 620 mu=630, 344 mu=470, 285 mu=243. 


lcm, 
Assuming that the 693 and 620 my chromogens have the same intrinsic intensity 
of absorption in SbCl, the richest fraction recorded here would contain some 
50 and 25 % of the two compounds, respectively. 

Preliminary attempts to separate the 693 and 620 my chromogens by 
chromatographic analysis on both alumina and calcium hydroxide and by 
distillation at very low pressures were unsuccessful. The only positive results 
were: (a) Adsorption on alumina apparently produced decomposition, giving 
rise to a considerable amount of material exhibiting a strong 650 my maximum 
in the SbCl, blue colour. This chromogen was confined to the top half of the 
chromatogram above the zones where the 697 mu chromogen occurred. The 
least strongly adsorbed material (<5 mg.) gave a blue colour in SbCl, with a 
maximum unusually far into the red at 748 my and a band in the altraviole t at 
393 my (in alcohol), but whether this was due to a constituent originally present 
or to a decomposition product was not ascertained. The richest fraction 
obtained had F<: 700 mu=1650. (b) Adsorption on calcium hydroxide pro- 
duced no 650 my chromogen, the 693 mu chromogen appearing in the top 
zones of the column, facts which we interpret to mean that no decomposition 
occurred on this adsorbent. No concentration of the material was, however, 
obtained on this adsorbent. It should be noted that nothing we have been able 
to do has increased the relative concentration of 693 : 620 mu chromogens above 
that found naturally in the unsaponifiable matter from the liver (maximum ratio 
2-67 : 1). 

The nature of the 645-650 my chromogen occasionally found in fish liver 
oils is not known, but from the fact that it sometimes appears after saponification 
of oils containing 693 my chromogen as well as after adsorption of the corre- 
sponding concentrates on alumina, it may simply be a decomposition product 
of the 693 my chromogen, the intensity of which decreases when the 647 mu 
band appears. On the other hand, in oils where the 693 my chromogen value 
is low, either on account of inhibition or intrinsically, a band at 647 my is 
freque ntly present (cf. Huso huso and Esox lucius, ' Tables II and Itt). Whether 
these bands are due to the same substances or to different ones is not known. 


zonolysis of the concentrate 


A stream of ozonized oxygen was passed through a solution of the above 
concentrate (1-0 g., EB) i. 344 mw=850) in dry carbon tetrachloride (10 ml.) 
for 4 hr. at 0°, the solid ozonide which had then se parated being dissolved by 
the addition of glacial acetic acid (10 ml.); the passage of the ozonized oxygen 
was continued for a further 3 hr. at 0°. Perhydrol (1 ml.) was then added to the 
solution and after standing for 12 hr. at room temperature it was distilled with 
steam to remove volatile products. The residual liquor, after decantation from 
a small amount of waxy insoluble material, was treated with a solution of 
2:4-dinitrophenylhydrazine (1 g.) in 6N H,SO, and allowed to stand for 1 hr. 
The precipitated 2:4-dinitrophenylhydrazones were filtered, extracted with 
NaHCO, solution and reprecipitated with dilute mineral acid. The resultant 
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solid was dissolved in cold glacial! acetic acid, filtered from insoluble material and 
crystallized by addition of water, giving geronic acid 2:4-dinitrophenylhydrazone 
(110 mg.). This was definitely identified by crystallization from benzene-light 
petroleum (B.P. 40-60°) when it was obtained as a yellow microcrystalline solid, 
M.P. 133°, alone or admixed with an authentic specimen of geronic acid 2:4- 
dinitrophenylhydrazone, M.P. 134°. 


Ozonolysis of vitamin A 


- A vitamin A concentrate obtained from halibut liver oil (1 g., £}-/° 328 mu = 
1200) ozonized under exactly the same conditions as above yielded geronic acid 
2:4-dinitrophenylhydrazone (130 mg.) which after crystallization from benzene- 


light petroleum had m.P. 132-133°. 


Oxidation with aluminium tert.butoxide 


The freshwater fish concentrate (2 g., Z| /° 344 mp=850) was refluxed with 
freshly prepared aluminium fert.butoxide (3 g.) in a mixture of A.R. benzene 
(50 ml.) and dry acetone (20 ml.) in an atmosphere of nitrogen for 40 hr. The red 
suspension was freed from aluminium salts by dilution with water and filtration, 
and the benzene layer, after washing with water, was dried over sodium sulphate. 
After removal of solvent under reduced pressure the residue was dissolved in 
light petroleum and chromatographically adsorbed on alumina. The broad 
reddish-brown zone was eluted with light petroleum-methyl alcohol and the 
eluate was washed with water and dried. After removal of solvent, the residue 
(E\ J: 412 mw=800) was dissolved in a mixture of absolute alcohol (30 ml.) 
and glacial acetic acid (3 ml.) and refluxed with Girard reagent P (3 g.) for 1 hr. 
The mixture was then poured into water and, after neutralization of 90% of the 
acetic acid with NaHCO,, was extracted 3 times with ether. The aqueous layer 
was warmed at 50° for $ hr. with a saturated solution of oxalic acid (2 g.) and 
again extracted with ether. The ethereal extract, which should normally contain 
the ketone derived from vitamin A, did not show any appreciable absorption 
at 412 mp and the aqueous layer was therefore acidified with dilute H,SO,. 
After standing for 1 hr. at room temperature, ether extraction gave a product 
with a well-defined absorption maximum at 413 my (£{./: =1100) which was 
characterized by conversion into its p-chlorobenzoylhydrazone ; the latter separated 
from aqueous methyl alcohol as an orange micro-crystalline solid, M.p. 142—143°. 
(Found: C, 76-5; H, 7-6; N, 5-9 % ; Cy,HggON,Cl requires C, 76-4; H, 7-8; N, 5-6 %.) 


CONCLUSIONS AND SUMMARY 


A spectrophotometric study of the liver oils and vitamin A concentrates of 
a series of Russian freshwater and marine fish has been made. It has been 
found that, as a class, and with only rare exceptions, the liver oils of freshwater 
fish are differentiated from the analogous marine products by (a) their ultraviolet 
absorption spectra, and (b) the spectral absorption of their blue solutions in 
SbCl, dissolved in chloroform. Thus, the freshwater fish extracts exhibit an 
absorption maximum in alcohol between 340 and 350 my (subsidiary maximum 
285 mu) compared with 325-328 my for marine fish liver oils. Similarly, the 
freshwater fish liver oils give with SbCl, in chloroform a blue colour exhibiting 
bands at 693 and 610-620 my with relative intensities (693/620 mu) ranging 
from 0-5-2-5 (most usually round about 2-0). On the other hand, although the 
typical marine fish liver oils and vitamin A concentrates contain both the 
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693 and 620 mp chromogens, there is much less of the former than the latter 
(693/620 my ratio of the order of 0-15: 1). 

From the mixed livers of Acipenser stellata, Silurus glanis, Abramis brama 
and Lucioperca lucioperca a product was obtained having 


EB} \: 697 mu=2600, 620 mu=1200, 344 mu=850, 285 mu=560. 


lem. 
Attempts to separate the chromogenic substance responsible for the 697 mu 
maximum from vitamin A by either high vacuum distillation or chromatography, 
or to concentrate it further, have so far failed, but the results of careful ozono- 
lysis have shown that the so-called “693 mp chromogen”’ is the C,, homologue 
of vitamin A (C,,H,.0) with 6 ethylenic linkages. 

The steps leading to these conclusions were as follows. From a consideration 
of the spectrographic data and the difficulty of separation of the 693 mu 
chromogen from vitamin A, suggesting that it might be a closely related sub- 
stance, it was assumed as a working hypothesis that the new chromogen was 
either the C,, homologue of vitamin A, containing 6 conjugated ethylene link- 
ages, or the C,) analogue having 2 of the 6 conjugated ethylene linkages in the 
ring and 4 in the side chain. The first of these two structures was established as 
the correct one as follows. 

(a) Ozonization gave geronic acid in amount corresponding to the C,, 
formulation. 

(6) Oxidation with aluminium tert.butoxide gave a ketone C,;H,,0 (p- 
chlorobenzoylhydrazone, M.P. 142-143°) formed by condensation of the C,, 
aldehyde first produced, with the acetone functioning as hydrogen acceptor. 

(c) Comparison of the properties of these products with those of the com- 
pounds similarly obtained from ordinary vitamin A clearly establishes their 
constitutions. Comparative biological tests on Hippoglossus and Lucioperca 
concentrates of equal blue value indicate that the 693 my chromogen contributes 
to the total vitamin A activity as well as the 620 my chromogen. 
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THE presence of silica in blood, and the much larger amounts sometimes found 
in urine, indicate that silica is appreciably soluble in body fluids. The determina- 
tion of such solubility, however, is a matter of considerable difficulty and 
different results have been obtained by various workers, owing to the operation 
of such variable factors as particle size, concentration of suspension, method of 
separation of solid from liquid phase and method of estimation of silica in 
solution. In addition, soluble silica is present partly in true molecular form and 
partly as a colloidal dispersion; and higher figures for solubility will be obtained 
if colloidal silica be included in addition to that present in true molecular 
solution. 

It has been shown by Lucas & Dolan [1936: see also Briscoe et al. 1937] that 
under standard conditions up to periods of at least 2 weeks, both concentration of 
suspension and particle size have an important influence on the rate of solution 
of quartz. 

The amount of silicic acid which a mineral form of silica such as quartz will 
yield in solution is exceedingly small when the mineral is present as crystals of 
ordinary dimensions, or as coarse fragments. But if it be reduced to a particle 
size of the order of the dust in the air, i.e. <1—-10y, then the rate at which 
silica appears in solution becomes appreciable. While the evidence does not 
warrant the statement that the smaller the size of the particles the more quickly 
they dissolve, it is true that with “sized” particles more silica is yielded in 
solution in a given time by small particles than is obtained with the same weight 
of particles of a larger size. The amount dissolved also varies with the total 
amount of dust suspended in the liquid: at sufficiently low concentrations of 
dust the silica in solution is roughly proportional to the total amount of the solid 
phase. This simple proportionality is not maintained at higher concentrations 
of the solid, where a condition of apparent saturation may be approached.! The 
very low solubility figures recently recorded by Titus [1937] for quartz and 
sericite were obtained with small amounts of solid (10 mg. of dust per 100 ml.) 
and would undoubtedly have been greater had larger amounts of dusts been 
used. The total surface of solid exposed to the solvent probably determines the 
rate, if not the final amount of solution. The phenomenon of the solution of 
mineral particles might, in fact, be better considered as a leaching of material 
from the surfaces of the particles. In some cases (e.g. certain of the silicates) 

' It is doubtful if the term “saturated solution” should be applied to systems of powdered 
silicate minerals suspended in water, since the total amount of silica dissolved varies not only with 
time and with the state of division of the solid phase, but may never attain that of a solution 
saturated with respect to freshly prepared silicic acid, even when a large amount of the most 


finely divided solid is shaken continuously with the solvent. 
Biochem. 1938 xxx11 ( 417 ) 27 
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the leaching may be a preferential one, and the composition of the total solids 
passed into solution may not be identical with that of the mineral particles from 
which they came. This is the case not only in mineral dusts of mixed composition, 
but also (as found by Lucas & Dolan [1936] and Brammall & Leech [1937]) for 
some reputably pure mineral specimens: and mineralogists have repeatedly 
observed an interchange of ions between a solution and a solid mineral. 

The method employed for the separation of the solid from the liquid phase is 
of fundamental importance in the determination of solubility of substances which 
are in a fine state of division. Simple filtration followed by gravimetric analysis 
is inadequate, since the small particles (present in mine and other dusts for 
instance) pass readily through the pores of the finest filter papers available, and 
figures for solubility thus obtained often include fragments of suspended material 
in addition to that in colloidal and molecular solution. The figures for silica 
appearing in the older literature are probably too high for this reason, as has 
been pointed out by Titus [1937]. 

Centrifuging at the moderate speeds (2000-4000 r.p.m.) attained with the 
ordinary type of centrifuge likewise fails to rid a solution completely of suspended 
partic ‘les. The results of Emmons & Wilcox [1937] have been criticized [ King, 
1937] on this basis, as giving an erroneous picture of the relative solubilities of 
silica dusts. With the size range of particles of 1-10, centrifuging at this sort 
of speed removes the larger particles but leaves in suspension the smaller ones, 
which will contribute their quota to the result of a gravimetric analysis of the 
supernatant fluid, and hence to the apparent solubility of the mineral dust 
investigated in this way. The polarizing microscope reveals large numbers of 
doubly refractile particles of 1-3 in size after centrifuging at 3500 r.p.m. for 
15 min. suspensions of quartz, flint, mine dust, mica and sericite in filtered blood 
serum, and analysis of the supernatants reveals the presence of large amounts of 
silica which are obviously not in solution. High-speed centrifuging (10,000- 
20,000 r.p.m.) completely removes these particles from suspension, and silica 
contents of the supernatant fluids are obtained, which are almost identical with 
that of the original blood serum before the addition of the dust. 

A complete separation of the liquid from the solid phase can also be obtained 
by forcing the liquid through cellophane membrane [cf. Titus, 1937], but by this 
means not only all the suspended dust particles but also some of the colloidally 
dispersed silicic acid is taken out. The “free” (i.e. molybdic acid-reactible) and 
“total” silica of a high-speed centrifuging of a silicic acid solution are equal, but 
are considerably greater than that of an ultrafiltrate of the same solution. The 
difference probably represents silicic acid in a colloidal condition. It may be 
questioned whether this colloidal silicic acid should be included in a solubility 
figure. It reacts readily, however, with certain chemicals, e.g. molybdic acid, as 
if it were in true solution, and from the biologist’s standpoint it is probably 
significant, since it is biologically available, e.g. in natural waters for the 
nutrition of phytoplankton. 

While a gravimetric analysis of an improperly separated liquid phase will 
give a misleading figure, it is possible to gain a true measure of dissolved material 
by applying a method which involves a chemical reaction in which suspended 
particulate matter will not take part. Such a reaction is utilized in the silico- 
molybdic acid procedure for the colorimetric determination of silica. Bui in 
order to avoid any possibility of a solvent action by the reagents on suspended 
particles, it is preferable that they be completely removed before the reaction 
is applied. Both high-speed centrifuging and ultrafiltration have been used in 
the present work. 
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In the experiments to be described, ‘“‘unsized” dust samples of mineral 
silicates have been used. It was desired not to attempt to obtain an absolute 
“solubility” figure, since it is contended that this term has not its usual signifi- 
cance when applied to these systems, but rather a measure of the amount of 
silica which would pass into solution in a body fluid from an excess of the 
powdered mineral containing the same proportion of finest particles, including 
ultramicroscopic, produced in the preparation of the dust. While it was not 
possible to procure exactly the same size distribution in the several mineral 
dusts used, there was in all a large proportion of particles in the smallest measur- 
able category and under. It seemed desirable also to avoid the possibility of 
altering the samples in any way by exposure to a fluid, as in the washing process 
which would be necessary if they were to be separated by sedimentation into 
different size categories. It is felt that the results obtained give a valid comparison 
of the relative rates at which the different minerals will yield silicic acid in 
solution, when they are in a state of division similar to that obtaining in their 
air-borne dusts. 

EXPERIMENTAL 


Preparation of dusts.1 The materials used are listed in Table I together with 
their origin and nature, and their size distribution in the powdered condition. 


Table I. Percentage size distribution of dust particles (in p) 


Type and origin of dust <1-3 3-6 6-10 10-15 
Mineral specimens: 
Quartz, “* Porcupine”’ (98-8 % SiO.) 67 26 6 l 
Quartz, pure (rock crystal—99-8 % SiO,) 90 8 2 — 
Flint (air elutriated sample—89% SiO,) 92 7 1 : 
Felspar (air elutriated sample) 80 12 + 4 
Asbestos Teased fibres 
Sericite, “Georgia” 68 26 5 ] 
Sericite, “Ohio” 85 13 2 
Sericitic schist, “ Porcupine’’, 25 % fibrous sericite 88 10 2 = 
Scotch Whinstone—basic ruck (64% SiO,) con- 76 16 + t 
taining labradorite, augite and serpentine, no 
free silica 
Commercial preparations: 
Amorphous silica, precipitated (80% SiO,) Large amorphous masses 
Fuller’s earth 76 11 5 8 
Kaolin 66 21 8 5 
Tale 56 30 1] 3 
Air-borne dusts: 
Mine dust (South Africa) 75 5 7 3 
Pennant Rock (produced by drilling) coal measure 85 4 — 
sandstone, 42 % free silica 
Somerset Greys (produced by drilling) coal 82 15 3 7 
measure sandstone, 49% free silica 
Stone dust (used for stone-dusting underground) 80 18 2 


Most of the minerals were hand-picked specimens of rock which were powdered 
in a mill, or in an agate mortar if the sample was small. Others were com- 
mercially prepared specimens of mineral material used industrially, and some 
were collected samples of air-borne dusts obtained from industry. 


‘ For the samples of pure quart” and of fuller’s earth we are indebted to Dr E. L. Middleton, 
for the quartz “porcupine” to Sir Frederick Banting, and for the air-borne dusts to Dr A. G. R. 
Whitehouse. The sericite “‘Georgia” and sericite “Ohio” were kindly sent us by Dr Leroy U. 
Gardner, and the sericitic schist by Dr G. Langford. The other specimens were from the collection 
of the late Prof. E. H. Kettle. 
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Particle size. Samples of dusts were ‘‘sized”’ by suspending a small quantity 
of each in water, evaporating to dryness on an electric hotplate a drop of each 
suspension on a glass slide, and measuring particle size by means of a graduated 
eyepiece at a magnification of 2500 diameters. 

Glassware. In order to eliminate the possibility of silica being introduced into 
the solutions from the glass vessels, a coating of bakelite was applied to the 
interior surfaces. This is best accomplished by means of bakelite air-drying 
varnish (kindly supplied by Bakelite Ltd.). The flasks are cleaned with chromic- 
sulphuric acid mixture, well rinsed, and oven-dried. A flask is removed from the 
oven while still hot and is partly filled with the varnish, which is then slowly 
poured out while the flask is rotated. In this way a thin coating of the bakelite 
is evenly distributed over the interior. The flasks are left in an inverted position 
in a warm place for several days for the varnish to dry. A tough, firmly adherent 
layer of bakelite is formed which is acid- and alkali-resistant and which shows no 
tendency to peel or flake off even after prolonged exposure to liquids. 


Solution of dusts in body fluids 


Ascitic fluid was obtained from a case of congestive heart failure. Its com- 
position in respect of electrolytes and other diffusible constituents was almost 
identical with that of blood plasma. The total protein was 0-22%, and the 
pH7-5. Blood was obtained from a case of hypertension with cerebral thrombosis. 
It was allowed to clot at 37° and the serum separated by centrifuging and 
decantation. 

Both serum and ascitic fluid were preserved with 1°% of formalin. Previous 
trials had demonstrated that this did not alter in any measurable fashion the 
behaviour of these fluids towards silica dusts. 

The samples of powdered minerals and dusts were weighed into the bakelited 
flasks and 100 ml. of fluid added. The flasks were closed with rubber bungs and 
were shaken mechanically in a water-bath at 37°. The pH of the mixtures was 
determined colorimetrically on the day of mounting and at intervals thereafter. 
In one case only, that of synthetic magnesium trisilicate, was there an alteration. 
All other mixtures remained at the original pH of the fluids. Samples of the 
mixtures were withdrawn at intervals for the determination of dissolved 
silica. 

Separation of solid from liquid phase. Centrifuging was carried out in the 
special high-speed attachment of the International centrifuge. 5 ml. samples 
of the mixtures from the flasks were placed in the special 7 ml. glass centrifuge 
tubes, and were spun at 15,000—20,000 r.p.m. for 30 min. This treatment com- 
pletely removed suspended material. 3 ml. samples of the supernatant liquids 
were carefully withdrawn for analysis. 

Ultrafiltration of the mixtures was accomplished by submitting 6 ml. 
samples to a pressure of 10 atmospheres in a special Seitz filter fitted witha 
cellophane membrane mounted between filter papers. The cellophane membranes 
were prepared by soaking them for 48 hr. in alcohol and afterwards in water, to 
remove some impurity, the presence of which gave rise to an appreciable blank 
in the colorimetric silica method. While the porosity size of these membranes 
was not known for certain, it must have been very small, since all the protein— 
albumin as well as globulin, was removed from both ascitic fluid and blood 
serum. 

Determination of silica. (Method of King & Stantial [1933].) 3 ml. portions 
of the supernatant liquids from the centrifuging or of the ultrafiltrates were 
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treated in 100 ml. conical flasks with 6 ml. of the ferric chloride! and 6 ml. of 
the sodium acetate? solutions. The mixtures were brought quickly to the boil, 
with vigorous shaking, and were filtered hot. 10 ml. of the cooled filtrates were 
placed in 15 ml. volumetric flasks, 1-2 ml. of molybdate* and 0-3 ml. of amino- 
naphtholsulphonic acid* solution added, and water to 15 ml. Standards® of 
0-01, 0-02 and 0-05 mg. SiO, were prepared at the same time. The coloured 
solutions were mixed and allowed to stand for 5 min. The colours were com- 
pared in a Duboscq type colorimeter fitted with an Osram sodium light. Com- 
parison in monochromatic yellow light greatly increased the accuracy as well as 
the ease of the colorimetric determination. The results were calculated to show 
the amount of dissolved silica in mg. contained in 100 ml. of fluid. 


RESULTS 
Solution of quartz in blood serum and ascitic fluid 


Human blood serum, in amount sufficient for these experiments, was 
impossible to obtain. Serum, moreover, has several disadvantages for use in an 
experiment which requires regular sampling. It is difficult to keep sterile without 
an aseptic technique; its high protein content causes difficulties in the analytical 
manipulations; and it tends to become more viscous on prolonged standing at 
37°. Ascitic fluid (or ““dropsy fluid”’) is easily obtainable in large volumes from 
hospital cases, and its use presents fewer technical difficulties in the analytical 
procedures. In order to determine if ascitic fluid gave results comparable with 
blood serum an experiment was made in which the solution of pulverized rock 
crystal was followed in the two liquids for 18 days. Separation of solid from liquid 
was made in samples by high-speed centrifuging. Table II shows that silica 
appeared more quickly in solution in the ascitic fluid but that the final results 
were substantially the same. 


Table II. Solution of powdered rock crystal in blood serum and ascitic fluid 
(mg. SiOz per 100 ml.) 


Days eas 2 e 5 7 2 18 


Ascitie fluid ie 3. 9-0 9-1 9- 9-1 
Blood serum 2- 3-4 f 58 8-2 ° 


Effect of the concentration of solid on the amount 
of silica dissolved 


Varying the amounts of the solid phase from 25 mg. of rock crystal dust in 
100 ml. of ascitic fluid to 2 g. per 100 ml. led to a progressive increase in the 
amount of silica in solution in the lower concentrations. Above 0-5 g. per 100 ml. 
the final figures for soluble silica were about the same, but the curve of solution 


1% FeCl,, 6H,O in 0-02 N HCI. 

* 15% C,H,0,Na, 3H,O in 0-028 NV NaOH. (The NaOH, to be silica-free, must be prepared 
from metallic sodium: B.D.H. “sodium hydroxide pure (from sodium)”’ is satisfactory.) 

* 5% ammonium molybdate in N H,SO,. 

* 0-2% 1:2:4-aminonaphtholsulphonie acid in 2-4% Na,SO,, 7H,O and 12% NaHSO,. 

° 31-4 mg. Na,SiF, dissolved in 1 1. of water give a standard solution containing 0-01 mg. SiO, 
in 1 ml. A fresh standard should be made once a week. 

The original article should be consulted for details of the preparation of solutions, and for the 


precautions which must be observed in the use of the method. 
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was steeper and the apparent ‘‘saturation” approached more quickly the larger 
the amount of solid used. The results obtained are graphically presented in 
Fig. 1. 
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Fig. 1. Effect of concentration of solid on the solution of silica. Percentage figures represent 
g. of rock crystal dust suspended in 100 ml. of ascitic fluid. 










The solution of freshly prepared silicic acid 






It was of interest to determine how the amount of silicic acid dissolved from 
a mineral form of silica would compare with that from the most readily soluble 
form of free silica, namely freshly precipitated silicic acid. The calculated 
amounts of sodium silicate (Na,SiO;, 5H,O) to give 2 and 5 g. of SiO, as silicic 
acid were dissolved in water in 250 ml. centrifuge bottles, and a slight excess over 
the calculated amount of conc. HCl was added. The mixtures were shaken and 
left for several hours. The flocculated precipitates of gelatinous silicic acid were 
spun down and washed well with distilled water. They were finally centrifuged 
at 4000 r.p.m. for 30 min., and the well-packed precipitates stirred up and 
shaken with 100 ml. of ascitic fluid. The mixtures were shaken at 37° and samples 
taken for analysis at intervals over the next 72 hr. Very little difference between 
the rates of solution of the two samples was found. 

The production of silicic acid in solution was very rapid, and the maximum 
solubility figure was rapidly attained. The results are set out in Table III. It is 
of note that the final figure of 9 mg. SiO, per 100 ml. is the same as that obtained 
for a similar suspension of precipitated silicic acid in a different ascitic fluid which 
had been kept for 6 months with occasional shaking. The maximum solubility 
figure obtained with the finely powdered rock crystal is also practically identical: 
this is of particular interest in that it shows that at least one mineral form of 
silica, provided that it be in a sufficiently fine state of division, is capable of 
yielding as much silicic acid in solution as can be obtained from a chemically 
prepared specimen of the readily soluble amorphous variety. 























Table III. Dissolution of freshly precipitated silicic acid 
Y 7 Pp 
(mg. SiO, per 100 ml. ascitic fluid) 
5 18 24 48 
5:8 6-9 8-0 8:8 9-0 ¢ 
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Comparison of solubility determinations following high-speed centrifuging 
and ultrafiltration 


All estimations of soluble silica were made on both centrifuged and ultra- 
filtered samples. In the majority of cases only the results for the centrifuged 
samples are given. In every instance where an appreciable solubility figure was 
obtained the centrifugate gave a higher result than the ultrafiltrate. The 
difference was in general greater the larger the figure for dissolved silica. 
Amorphous silica preparations always showed a greater difference than the 
crystalline mineral varieties. The ultrafiltrate figures for the solution of pre- 
cipitated silicic acid were occasionally as much as 30 % lower than the figures for 
the centrifugate. The results for some of the determinations on representative 
dusts are set out in Table IV. The filtrate figures for amorphous silica and for 
quartz show day-to-day fluctuations which are in contrast to the regularity of 
the figures obtained for the centrifugates. This phenomenon was repeatedly 
observed. It is believed to be due to a reversible transition of the dissolved 
silicic acid from the molecularly dispersed state to the colloidal. Both forms are 
determined by the silicomolybdic acid method, and both are present in the 
centrifugate. But at least part of the silicic acid in colloidal solution appears to 
be removed by filtration through the cellophane membranes used. 


Table [V. Comparison of solubility determinations following high-speed 
centrifuging and ultrafiltration 


Amorphous 
silica dry Pure quartz Flint Fuller’s earth 


_, ss 


—, t \ 
F. Je F. F. 

2-8 

5-6 

5. ° . 6-8 

6: 6 . 7-0 

6- 3 ° 6-9 

10 6-8 “t —_ 

13 6-5 “7 : 6-6 

21 6:8 8 - — 


bt end et end fet fet et 
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“C.”: Removal of solid phase by high-speed centrifuging at 20,000 r.p.m. for 30 min. 

“F.”: Removal of solid phase by ultrafiltration through cellophane membrane under pressure 
of 10 atmospheres. 

Figures represent mg. SiO, in 100 ml. of ascitic fluid. 


The silica of natural waters also seems to be partly in colloidal solution. 
Several samples of fresh and salt water were centrifuged and ultrafiltered. In 
those which had a sufficient concentration of silicic acid to be determinable by 
the method employed, the same phenomenon was observed, i.e. part of the 
analysable silicic acid was removed by the membrane. 


Solution of silica and silicate dusts in ascitic fluid 


Samples of the dusts described in Table I were tested for their solution rates 
over a period of a month. Samples were withdrawn daily for the first week and 
thereafter at increasing intervals. The results for representative days are given 
in Table V and Fig. 2. 








E. J. KING AND M. McGEORGE 





Table V. Solution of silica and silicate dusts in ascitic fluid 


Solubility—mg. per 100 ml. 





























Maximum 
1 day 2days 5 days 8 days solubility 
cf simaestast Sib _—— 
Separation by high-speed centrifuging By ultra- 
Type of dust a eee a filtration 
Mineral specimens: 
Quartz, “* Porcupine” 1-3 2-0 4-0 4-6 6-4 4-8 
Quartz, pure rock crystal 7-6 8-0 9-0 9-1 9-1 7-0 
Flint 5-0 6-1 6-2 6-4 6-5 5-6 
Felspar 0-5 0:5 0-6 0:7 0:8 0-6 
Asbestos — 1-1 1-3 1-5 1-6 1-2 
Sericite—‘‘ Georgia”’ 0-3 0-3 0-4 0. 0-4 0-4 
“Ohio” 0-5 0-5 0-5 0-5 0-6 0-5 
Sericitic schist 0-5 0-6 0-7 0-8 0-8 0-7 
Scotch Whinstone 0-8 0-9 1-0 1-0 1-0 0-8 
Commercial preparations: 
Amorphous silica—desiccated 5-2 56 6-4 6-8 7-0 4:8 
freshly pre- 8-0 8-6 8-8 8-9 9-0 63 
pared 
Magnesium trisilicate 3°5 3-6 4-0 4-2 4-4 3-2 
Fuller’s earth 1-2 1-2 1-3 1-3 1-4 1-0 
Kaolin 0-3 03 0-4 0-4 0-4 0-3 
Tale 0-5 0-6 0:8 0-8 0-8 0-7 
Air-borne dusts: 
Mine dust (South Africa) 0-5 0-6 0-8 1-0 1-1 1-0 
Pennant Rock (from drilling) 0-6 0-6 0-7 0-8 0-8 0-7 
Somerset Greys (from drilling) 0-6 0-6 0-7 0-7 0-7 0-7 
Stone dust (for dusting) : 0-5 0-6 0-6 0-6 0-6 0-6 









2% suspensions maintained at 37° with constant agitation. 














mg. SiO, per 
100 ml, of ascitic fluid 





0 oo Se ie Ee 
Days 







Fig. 2. Solution of silica and silicate dusts in ascitic fluid: 2 g. of dust in 100 ml. of fluid at 


37°. A, freshly prepared amorphous silica; B, pure quartz (rock crystal—very finely ground); 
C, flint; D, quartz (Porcupine); EF, sericite. 









The effect of depressors of solubility 


It was shown by Denny et al. [1937] that several substances, notably 
aluminium, would greatly depress the amount of silicic acid yielded in solution 
by various forms of silica. Briscoe et al. [1937] noted a similar effect for calcium 
oxide. The effect on dissolved silica of certain metallic oxides and hydroxides 
(Ca(OH), MgO, Fe,O,, Al(OH);, SrO, Be(OH),) had been noted by the author 
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in the study of precipitants for phosphate in the colorimetric molybdie acid 
method of estimation. These oxides had all proved unsuitable for phosphate 
elimination because of the fact that they precipitate and lead to the loss of 
variable amounts of silicate ion. The solubility depressor effect is believed by the 
authors to be simple precipitation of the insoluble silicate of the metal in the 
presence of an excess of the hydroxide. This effect is only obtained in alkaline 
solutions. Whether the effect of metals, e.g. aluminium, is to be explained in the 
same way or on the basis of some more complex explanation, is not clear. Some 
results illustrating the depression of solution of silica are shown in Table VI. 


Table VI. Depression of solution of quartz by aluminium and iron 
(mg. SiO, dissolved by 100 ml. ascitic fluid) 
Days ene 2 3 4 
Quartz 3°8 7-7 7:8 8-0 


Quartz / aluminium 0-5 0-6 0-6 0-5 


110 

Quartz +4 a alumina 0-6 0-5 0-6 0-6 
Quartz + 1% reduced iron 1-0 1-2 1-6 2-2 

DIscUSSION 

The chief point of interest emerging from an inspection of these figures is the 

relatively greater rate of solution of the free forms of silica, as compared with the 

silicates. With only one exception, that of the synthetic magnesium trisilicate, 

the silicates yielded very small amounts of dissolved silicic acid. Whether or not 

this is a general phenomenon cannot be stated from the study of a small number 

of minerals. But it seems a reasonable assumption that the solution of an alkali 

or an alkaline earth silicate would be slow in an alkaline medium; whereas the 


acid nature, feeble though it may be, of the free oxide of silicon might be expected 
to favour its solution in fluids of a mildly alkaline reaction. 


SUMMARY 


A study has been made of the solution of silica and silicate dusts in body 
fluids. The amount of silicic acid yielded in solution is determined, among other 
things, by the amount of solid used. Blood serum and ascitic fluid dissolve about 
the same amount of silica, but the rate of solution is slower in the former. Some 
mineral forms of silica (quartz) yield as much silica in solution as is obtained with 
freshly precipitated gelatinous silicic acid. Part of the dissolved silica, probably 
that in colloidal solution, is removed by ultrafiltration. The free forms of silica 
appear to dissolve more readily than the silicates studied. 


The authors are indebted to the Medical Research Council for a grant to 
defray the costs of this investigation. 
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In papers II and III of this series [1933, 1, 2] it was shown that the excretion of 
silicic acid in the urine could be influenced by the administration of silica. The 
urinary level was largely dependent on the amount of silica which was orally 
ingested, either as a constituent of the food, or as added mineral material. Both 
oral and parenteral administrations lead to prompt elimination in the urine. Large 
amounts of silicic acid, given by continuous intravenous injection, were quickly 
excreted by the kidney. No marked increase in the silica content of the blood 
was observed, even when the concentration in the urine was enormously increased. 

Evidence was obtained that solution of silica dust may take place in the lung 
[King & Dolan, 1934]. Increased urinary excretion of silica in animals was 
obtained following administration by intratracheal insufflation, and in humans 
following dust exposure. This silicic acid arising from the solution of particles in 
the lung was presumably carried by the blood to the kidney where it was excreted. 
Some evidence was obtained that the urinary silica was at a higher level amongst 
gold miners than in a non-mining population, but the urinary silica values were 
found to be so dependent on the nature of the diet that no conclusions could be 
drawn in single cases [see also Goldwater, 1936]. Bloomfield e¢ al. [1935], how- 
ever, claimed to show a relation between the silica dust exposure of men in the 
anthracite coal industry and the amount of silica in the urine. The urinary 
excretion of abnormal amounts of silica cannot be taken as evidence of exposure 
to dust, but only as indicating an excessive intake of silica, either through 
ingestion or through inhalation. 

In the present study an attempt is made to correlate the solution of various 
forms of silica in body fluids [King & McGeorge, 1938] with the urinary excretion 
of silicic acid following administration of the different forms of silica by the oral, 
intraperitoneal and in some cases the intratracheal route. 
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The mineral materials used for administration were those described in the 
previous communication. Their mode of preparation, size distribution and 
analyses are given there. A brief statement of the chemical nature of some of the 
specimens is contained in Table I (see also Table I of the preceding paper). 
All the experiments were conducted on cats. The use of a carnivorous animal 
has the advantage that the normal daily urinary excretion of silica is very low. 
Any increase caused through the administration of silica will consequently be 
much more easily recognized than would be the case in a herbivorous animal, 
such as the rabbit, where the concentration of silica is high in the urine. The 
cats were maintained on a diet of cooked meat, fish, milk and water. During an 
experiment each animal was kept in a metabolism cage equipped to collect the 
faeces and urine separately. The cages were constructed of galvanized metal and 
heavy wire screening. Metal surfaces were coated with baked white enamel. The 
urine was collected in bakelite-coated vessels. 
( 426 ) 
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Table I. Nature of mineral specimens 





Quartz—free crystalline silica 

Flint—free crystalline silica 

Felspar—anhydrous silicate of potassium, sodium and aluminium 
Sericite—hydrous silicate of potassium and aluminium 

Fuller’s earth—a hydrated silicate of aluminium 

Kaolin—silicate of aluminium 

Talc—a hydrous silicate of magnesium 

Steatite—a variety of tale 

Stone dust (for underground dusting)—5-4% free silica, 6-3% felspar 
Colliery stone dust (1)—55% SiO,, 21% free silica, 5-7% felspar 
Colliery stone dust (2)—64% SiO,, 39-7 % free silica, 13% felspar 


















(The silicate was present chiefly as kaolin in these stone dusts. There was practically no 
carbonate.) 






Determination of silica in urine (method of King & Dolan [1934]) 


The urine is simultaneously freed of most of its pigment, any protein and of 
its phosphate (which interferes with the determination of silica) by precipitation 
with basic ferric acetate. The silica is determined colorimetrically in the filtrate 
as silicomolybdic acid reduced to a blue complex. 

5 ml. of urine diluted with 5 ml. of water are treated with 20 ml. of ferric 
chloride! and 20 ml. of sodium acetate solution in a 250 ml. conical flask. The 
mixture is brought quickly to the boil, and filtered hot through a fine paper. 
The filtrate must be tested for iron and phosphate (see the original method, 
King & Stantial [1933]), and if either be found the precipitation should be 
repeated using larger amounts of ferric chloride and sodium acetate solutions. 

20 ml. of the filtrate are transferred to a 25 ml. volumetric flask. 2 ml. of 
molybdate solution and 0-5 ml. of aminonaphtholsulphonic acid are added and 
water to 25 ml. At the same time standards are prepared from 2, 5 and 10 ml. 
of standard solution, with molybdate, sulphonic acid and water to 25 ml. The 
coloured solutions are mixed and the test compared against the nearest standard 
after 10 min. In the case of urines suspected of containing a large amount of 
silicic acid it is advisable to prepare an additional test from 10 ml. of filtrate. 
























Normal silica excretion 





The daily excretions of a series of cats are shown in Table II. The normal 
daily output of silica was determined on all animals used. The figures shown are 





Table II. Urinary excretion on low silica diet 







No. of cat 
Silica excreted 1 2 3 4 5 6 7 8 
Ist day {™s- 100 ml. 1-6 1-4 1-5 1-6 1-2 0-8 0-8 0-9 
"©  (mg./day 1-8 2-2 1-7 1-8 1-9 1-7 2-0 0-9 
ond day {™mg-/100 ml. 16 1-2 1-7 1-8 1-2 0-9 0-6 0-9 
7 “* |mg./day 1:7 1-4 2-2 2-3 1-7 1-9 0-9 1-4 
ide ({mg./100 ml. 0-9 1-3 0-8 0-8 1-] 0-6 0-7 0-9 
“* [mg./day 1-2 1-7 1-3 1-4 1-6 1-2 2-4 2 
4th dav {™s- 100 ml. 0-8 1-4 0-8 0-7 0-9 0-6 0-5 1-0 
“ay \mg./day 0-9 1-5 0-7 0-6 1-6 2-3 1-0 0-9 
6th dax {mg./100 ml. 1-1 1-1 1-0 0-9 0-8 0-6 0-6 0-8 
“*  |mg./day 1-5 1-2 1-4 1-4 1-7 1-0 1-9 1-0 
Tth day {™g-/100 ml. 0-8 1-4 0-8 1-0 0-5 0-5 0-6 0-8 
ay (mg./day 1-5 1-3 1-8 1-9 1-9 1-1 1-2 0-6 





1 For preparation of solutions see previous communication. 
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representative of the normal daily variations in silica output which are 
encountered with cats kept on a constant diet. 










Oral administration of silica 


The cats were subjected to light anaesthesia with ether, and a stomach tube 
was passed. 5 g. of the siliceous material were suspended in 20 ml. of milk and 
injected into the stomach by means of a glass syringe. An additional 10 ml. of 
milk were then used to wash out the syringe and tube. The animals were replaced 
in the metabolism cages and the daily specimens of urine taken for analysis. 
Two cats were usually treated on the same day with different silica or silicate 
samples, and the experiments repeated until at least four cats had been used for 
each mineral sample. 

The results are given as the mg. of SiO, excreted in the urine in 24 hr. following 
administration—and in 48hr., 72 hr. etc.—until the excretion had been 
followed for at least 7 days. Before this time the daily output had invariably 
returned to the range of the normal figures. The difference between the figures 
for the excretion at two time intervals (e.g. 24 and 48 hr.) represents, of course, 
the amount excreted during the intervening 24 hr. period. 

Four representative experiments are illustrated in Table III, where the daily 
silica excretion is shown in four cats for each form of silica administered. The 
variation in the silicic acid output from animal to animal is here illustrated for 















Table III. Excretion of silica in cats’ urine following oral administration 
of siliceous materials 






mg. SiO, excreted i in 













































—_— $$, 
Material administered 24 hr. 48 hr. 2 hr. 96 hr. 120 hr. 144 hr. 

None 1-5 3-4 5-2 6-9 8-3 9-4 

1-9 3°9 6-6 9-0 10-9 13-0 

1-8 3°8 a6 7:4 9-0 10-6 

Bs © 29 33 46 6:2 8-8 

Average excretion 1-6 3-5 5-2 7-0 8-6 10-4 
Freshly precipitated 25 32 35 37 39 40 
gelatinous silicic acid 26 34 38 39 40 44 
(=5 g. SiO,) 23 38 43 — 46 4s # 
Average excretion 25 35 39 41 42 44 

Quartz (5 g.) 6-9 19-5 20-6 22-1 24-0 25-6 

5-6 15-3 18-2 19-7 20-6 22-3 

4-6 12-5 15-9 17-5 20-8 24-1 

ooo _ 103 145 15-2 17-8 20-4 

Average excretion 6-2 14-4 17-5 18-6 20:8 23-3 

Kaolin (5 g.) 2-0 3-7 5-4 7-2 8-4 9-1 

2-0 3-4 5-2 | 8-1 9-1 

33 5-1 6-2 7-4 7: 8-6 

i a of. 40 4-7 5-4 6-4 

Average excretion 2-2 3-9 5-2 6-6 7-6 8-4 

Steatite (5 g.) 1-5 3-0 4-4 6-0 6-9 7-9 

1-1 2-1 6-2 7:8 9-2 10-5 

2-5 3-7 4-9 5:8 71 8-3 

3:2 4-0 5-0 6-0 7-0 8-2 

Average excretion 2-1 3-2 5-1 6-4 7-5 8-7 










several levels of silica excretion. The average excretions of silicic acid for all the 
silica and silicate preparations, samples of powdered minerals and air-borne 
dusts are given in Table IV. 
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Table IV. Average urinary excretions of silica after oral administration of 
siliceous preparations and dusts 


mg. SiO, excreted in 


96 hr. 120 hr. 
42-( 43-3 
23-9 27:2 29-0 
11-2 le 16-4 
6-3 : 8:8 


Amorphous silica: 48 hr. 72 hr. 
Silicie acid (fresh) 
Silicic acid (moist B.D.H.) 
Precipitated silica (dry) 
Kieseleuhr (acid-washed) 


35°3 39-6 


Crystalline silica: 
Quartz (Porcupine) 
Quartz (air-sedimented—very fine) 
Quartz, pure (rock crystal) 
Flint 

Amorphous silicates (synthetic) 
Calcium silicate (B.D.H.) 
Iron silicate (B.D.H.) 
Magnesium trisilicate [Mutch, 1936] 


Natural silicates: 
Felspar 
Fuller’s earth 
Kaolin 
Scotch Whinstone 
Steatite 
Tale 
Air-borne dusts: 
Mine dust (South Africa) 
Pennant Rock 
Somerset Greys 
Stone dust (used for underground 
stone dusting) ; 
Colliery stone dust (1) 
Colliery stone dust (2) 


Intraperitoneal administration 


The animals were anaesthetized with chloralose and a retention catheter was 
inserted in the bladder. 2 g. of the siliceous material were suspended in 20 ml. of 
sterile saline and injected intraperitoneally. The samples or urine were taken for 


Table V. Excretion of silica in the urine after intraperitoneal administration 
of siliceous dusts 
Av. ex- 
cretion % 
before Excretion of silica (mg. SiO,) (hourly) 


admini- P - - 


stration 1 2 3 4 5 6 7 

Amorphous silica 0-09 0-39 1-18 1-03 0-56 0-67 0-63 - 
Quartz (very fine) 0-07 0-63 0-74 0-38 0-17 0-12 0-11 - 
Flint (air-sedimented) 90-05 0-12 0°35 0-21 0-12 0-15 0-17 0-17 
Flint 0-08 0-28 0-18 0-11 0-13 0-07 0-10 0-08 
Felspar 0-08 0-15 0-13 0-04 0-03 0-09 — = 
Sericite 0-09 0-15 0-20 0-08 0-11 0-07 0-11 0-06 
Whinstone 0-08 0-15 0-09 0-17 0-15 0-18 0-06 0-09 
Fuller’s earth 0-08 0-26 0-19 0-18 0-05 0-04 — 
Daily: 

Quartz 

Flint (air-sedimented) 
Flint 

Felspar 

Whinstone 

Fuller’s earth 


ot 


BO A oe 


DOD me OID W 
De ee mb 
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analysis at hourly intervals. 10 ml. of 5% “‘gluco-saline” were given by stomach 
tube once every 2 hr. The cats were replaced in the metabolism cages after being 
kept under the anaesthetic for 8 hr., and the daily excretion of silica followed 
thereafter until it had returned to normal. Results of several experiments con- 
ducted in this way are given in Table V. 


Inhalation of silicic acid 


A fog of silicic acid solution was produced by means of an ordinary atomizer 
blowing into a short wide tube (1x6in.). 2% sodium metasilicate, carefully 
neutralized with conc. HCl to avoid precipitation of silicic acid, was used. The 
cat was anaesthetized with nembutal, a catheter passed and a stomach tube 
which had a large (? in.) dilatation 5in. from its tip by means of which the 
oesophagus was occluded and swallowing prevented. Hourly feedings of milk 
or 5% “‘gluco-saline” were given through the stomach tube. The nose of the cat 
was connected, by means of a thin rubber mask, to the tube in which the fog of 
silicic acid was being produced. The urine collecting tubes were changed hourly, 
and samples analysed for silica. A marked increase in the silicic acid of the urine 
was obtained which persisted for several days after the experiment was con- 
cluded. The results are given in Table VI. 


Table VI. Silica excretion during inhalation of silicic acid fog 


Before 1 2 3 4 5 6 
Hourly excretion during exposure to silicic acid: 
mg. SiO,/100 ml. 0-6 11-7 17-7 22-0 31-6 38-2 22-0 
mg. SiO,/hr. 0-1 0-7 j-] I-l 1-3 1-2 1-1 
Daily excretion following exposure: 
mg. SiO,/100 ml. 1-4 17-0 5:8 4:5 4-1 3-1 2-0 
mg. SiO,/24 hr. 1-3 11-9 2-9 3-6 4:8 2-5 1-6 


Inhalation of amorphous silica 


Well-washed freshly precipitated silicic acid from neutralized sodium 
metasilicate was air-dried for 2 days and finely ground in an agate mortar. The 
coarse particles were removed by means of a 200-mesh sieve. 5 g. of this powder 
were placed in a sintered glass funnel attached to the bottom of a glass column 
(2 x 30 in.). The large T-tube was attached to the top of the column. The cat 
was anaesthetized with nembutal, the stomach tube passed and its nose con- 
nected to the side-arm of the T-tube by means of the rubber mask. A slow current 
of air was blown through the sintered glass funnel at such a rate that a visible 
cloud of dust rose to about ? the height of the glass column. The concentration 
of dust at the level of the cat’s nostrils corresponded to about 15,000 particles 
per ml. The majority of the particles were under ly in size. The animal was 
allowed to breathe in this atmosphere for 6 hr. Samples of urine taken during 
the exposure showed only small increases in silica content, but the accumulated 
24 hr. sample of urine, and those on subsequent days, showed a big increase over 
the normal daily output. The results are shown in Table VII. 


Table VIL. Silica excretion following inhalation of amorphous silica 


Daily excretion following exposure 


Before 1 2 3 4 and 5 6 
mg. SiO,/100 ml. 0-9 4-0 3-2 4-6 2-0 1-7 
mg. SiO,/24 hr. | 7-7 6-5 6-2 3-1 3-9 
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Inhalation of powdered minerals 


Several experiments were conducted with the mineral dusts, using the type 
of experiment described in the preceding section. Only very minor increases in 
the urinary excretion of silica were obtained. Most of the specimens used gave 
either no increase at all, or slightly raised figures were obtained which could not 
be considered significant. The finely powdered pure quartz (rock crystal) gave 
greater urinary silica values than the other specimens, but even in this case the 
figures were not sufficiently increased for any importance to be attached to them. 
It was considered probable that in a short experiment of this sort the amount of 
fine dust finding its way past the ciliated epithelium of the bronchial tree into the 
lung was too small for detectable amounts of silicic acid to be formed. This 
impression was strengthened by the finding that the lungs of one of the animals 
submitted to quartz dusting for 8 hr. showed on analysis for total silica only 
0-158 % SiO,, which is within the normal range of silica content. 


DIscuUSSION 


The silicic acid excreted in the urine is probably mainly derived from the 
silica of the food. This is almost certainly true for humans and animals who are 
not habitually exposed to inhalation of large amounts of siliceous dust, and even 
in these cases it is possible that the bulk of the silica excreted in the urine 
originates in the alimentary tract—either as swallowed mineral matter or as a 
siliceous constituent of the diet. The hulls and bran of grain—and for this 
reason whole grain preparations, and vegetable foods in general—contain variable 
and in some cases large amounts of silica. In paper II of this series it was shown 
that the high urinary silica excretion, which normally takes place in a herbi- 
vorous animal, could be reduced at will to the low level of excretion pertaining 
in humans and carnivorous animals by altering the diet from whole grain, hay 
and vegetables, to holted flour (white bread) and tomato juice. It seemed clear, 
therefore, that the silica of vegetable constitution was acted on by the fluids of 
the gastro-intestinal tract with the production of silicic acid. 

In the present study the urinary excretion of silicic acid has been observed 
following the oral administration of several forms of silica. The synthetic 
amorphous varieties—both pure silica and silicates—gave greatly increased 
outputs of silicic acid in the urine. This finding is not surprising since precipitated 
silica, unless thoroughly dehydrated, is fairly soluble in alkaline fluids. The 
synthetic silicates are probably broken down by the hydrochloric acid of the 
stomach to free silica which should be readily attacked by the alkaline fluids of 
the small intestine. 

The natural mineral forms of silica exhibit some interesting properties. In 
most instances the enhanced values of urinary silica excretion are related to the 
administration of free forms of crystalline silica or to dusts containing a high 
proportion of free silica, and these findings run parallel in a general way with the 
solution figures in ascitic fluid shown in the previous communication. But there 
are some contrasts. The complex natural silicates (felspar and those contained 
in the Scotch Whinstone), which are normally subject in the geological processes 
of weathering to a breakdown to simpler products, are apparently attacked to 
an appreciable extent. It is probable that there is some decomposition of these 
silicates by the hydrochloric acid of the gastric juice [cf. Whitehouse, 1937], 
followed by a partial solution of some of the products by the alkaline fluid of the 
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duodenum. Likewise, the simpler, but hydrated silicate represented in fuller’s 
earth (a hydrated aluminium silicate) appears to be attacked. The simple 
silicates steatite, tale and kaolin which are natural breakdown products of the 
complex silicates, appear to suffer little or no solution. 

The results of intraperitoneal administration correspond fairly well with the 
solution figures in body fluids in vitro. There is no complication of the solution 
process through a preliminary treatment with hydrochloric acid, as in the case of 
oral administration where the siliceous material has first to pass through the 
stomach. The dusts are subjected to a simple leaching process by the mildly 
alkaline fluid bathing the lung and peritoneum, and solution of a small proportion 
of the dust seems to have taken place in some cases. 

The excretion of extra silica was only transitory, lasting in the most marked 
case for only 3 or 4 days before the normal level of excretion was restored. Only 
a very small proportion of the total silica injected was subsequently recovered 
in the urine, before the extra silica excreted became too small to represent a 
significant increase over the normal output. 

Whether the extra silica in the urine is to be regarded as derived from the very 
finest of the particles present in the dust administered, or whether it represents 
material leached from the surface of all the particles is not clear. The transitory 
nature of the increase is understandable on either explanation. But if the process 
be thought of as a simple, though slow, solution of all the particles, then some 
additional explanation is necessary. In the early stages there may be an inter- 
ference with the circulation of the tissue fluids by inflammatory reactions, the 
precipitation of fibrin etc., and later an exclusion (e.g. by phagocytosis or a 
walling-off of the injected mass by tissue proliferation) of the particles from the 
active process of continuous leaching by the body fluids. 

In all these experiments massive doses of the siliceous materials were given. 
The results, therefore, must be considered as being associated with exposure of 
the animals to abnormal conditions. These are only exaggerations, however, of 
normal conditions of exposure, either by ingestion or inhalation of mineral 
material. The same processes which influence in a greater or lesser degree the 
disposal of small amounts of siliceous material in the normal animal, are here 
concerned with excessive amounts, but in which is probably not a qualitatively 
but only a quantitatively different fashion. It seems plain that siliceous mineral 
material suffers some solution in the body, and that the free forms of silica are 
attacked more readily in vivo as well as in vitro. 










































SUMMARY 





Oral administration of siliceous materials leads in some cases to the excretion 
of extra silicic acid in the urine. Different mineral substances influence the 
excretion to different degrees. Free silica is attacked to a variable extent 
depending on its physical and chemical condition. Several silicates are 
apparently unattacked and lead to no increase of urinary silica. Some complex 
silicates appear to suffer partial decomposition by the hydrochloric acid of the 
stomach, with partial solution of some of the products in the intestine and an 
increase of silica output in the urine. Intraperitoneally administered silica may 
lead to small increases in urinary silica excretion. The increases were most 
marked with the free forms of silica. Inhalation experiments with mineral dusts 
gave inconclusive results. Inhalation of amorphous silica led to increased 
elimination of silicic acid in the urine. 
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